Recherche de nouvelle physique au LHC à partir d'une théorie des champs effective pour le boson de Higgs by Bélusca, Hermès,
Recherche de nouvelle physique au LHC a` partir d’une
the´orie des champs effective pour le boson de Higgs
Herme`s Belusca
To cite this version:
Herme`s Belusca. Recherche de nouvelle physique au LHC a` partir d’une the´orie des champs
effective pour le boson de Higgs. Physique des Hautes E´nergies - Phe´nome´nologie [hep-ph].
Universite´ Paris-Saclay, 2016. Franc¸ais. <NNT : 2016SACLS032>. <tel-01292571>
HAL Id: tel-01292571
https://tel.archives-ouvertes.fr/tel-01292571
Submitted on 23 Mar 2016
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.
LPT Orsay
NNT № 2016SACLS032
Thèse de Doctorat
de
L’Université Paris-Saclay
préparée à l’Université Paris-Sud 11
École Doctorale № 564 – Physique en Île-de-France
Laboratoire : Laboratoire de Physique Théorique (LPT),
Université Paris-Sud 11, Orsay
Présentée pour obtenir le grade de
Docteur en Sciences de L’Université Paris-Sud 11
Spécialité : Physique Théorique
par
Hermès Bélusca–Maïto
Search for New Physics at the LHC
using Higgs Effective Field Theory
Soutenue au LPT Orsay le Mardi 9 février 2016 devant le jury composé de :
Directeur de thèse : Pr. Ulrich Ellwanger Professeur (LPT, Orsay)
Co-encadrant de thèse : Dr. Adam Falkowski Chargé de recherche (LPT, Orsay)
Président du jury : Dr. Pietro Slavich Directeur de Recherche (LPTHE, Paris)
Rapporteurs : Pr. Geneviève Bélanger Directeur de Recherche (LAPTh, Annecy-le-Vieux)
Pr. Benjamin Fuks Professeur (LPTHE, Paris)
Examinateurs : Dr. Reisaburo Tanaka Chargé de Recherche (LAL, Orsay)
LPT Orsay
Thèse préparée au
Laboratoire de Physique Théorique d’Orsay (UMR 8627),
Bâtiment 210, Université Paris-Sud XI
F-91405 Orsay Cedex, France
Search for New Physics at the LHC using Higgs Effective Field Theory
Abstract
The discovery at the LHC of a scalar boson, the properties of which are strongly similar to the
ones of the Standard Model Higgs boson, certainly indicates that the main actor of the electroweak
symmetry breaking mechanism was found. However, many beyond-the-Standard Model theories
predict the existence of such a particle coming from a richer sector. Measuring the properties of
the discovered scalar will tell us whether or not it is the same particle as the one predicted by
the Standard Model. To this aim we use a model-independent approach through a Higgs Effective
Field Theory (EFT) framework to parameterize the deviations of its couplings to matter from the
Standard Model. We focus on a Higgs EFT framework based on a dimension-6 effective Lagrangian,
including both CP-even and CP-odd operators. We first attempt at putting constraints on a part
of the effective Wilson coefficients relevant for Higgs physics at the LHC, using the latest Higgs
rates data from the Run-I of the ATLAS and CMS experiments, as well as electroweak precision
data from LEP, SLC and Tevatron. We show that the current data is able to significantly constrain
the CP-even and some CP-odd operators of the effective Lagrangian. We then move on to the
study of possible exotic Higgs decays, that can only be generated as a consequence of the effective
dimension-6 operators (generated from unknown new physics) and not from within the Standard
Model alone, and derive upper bounds on these operators given the present experimental limits.
Finally we analyse some of the limitations of the effective approach by comparing predictions on
some Higgs processes at tree-level in EFT with respect to predictions at tree and 1-loop level on
the same processes computed in a simple class of Standard Model extensions known as “Two-Higgs
doublet models”.
Keywords: Standard Model, Higgs Boson, Effective Field Theory, Experimental constraints, Exotic
Higgs decays, Two-Higgs Doublet Models
Recherche de nouvelle physique au LHC à partir d’une théorie des champs
effective pour le boson de Higgs
Résumé
La découverte au LHC d’un boson scalaire possédant des propriétés fortement similaires à celles
du boson de Higgs du Modèle Standard, indique certainement que l’acteur principal du mécanisme
de la brisure de symétrie électrofaible a été trouvé. Cependant, plusieurs théories au-delà du Modèle
Standard prédisent l’existence d’une particule similaire provenant d’un secteur plus riche. La mesure
des propriétés du boson scalaire découvert nous permettra de savoir si celui-ci correspond ou non
à la particule prédite par le Modèle Standard. Pour ce faire, nous utilisons une approche modèle-
indépendante via le cadre d’une théorie des champs effective (TCE) pour le boson de Higgs, afin
de paramétrer les déviations de ses couplages à la matière par rapport au Modèle Standard. Nous
nous focalisons sur une théorie basée sur un Lagrangien effectif de dimension 6, qui inclut à la fois
des opérateurs de Charge-Parité paire et impaire. Dans un premier temps nous tentons d’obtenir
des contraintes sur une partie des coefficients effectifs de Wilson, pertinents pour la physique du
boson de Higgs au LHC, en utilisant les dernières données de taux du Higgs provenant du Run-I
des expériences ATLAS et CMS, ainsi que des données de précision électrofaibles du LEP, SLC
et du Tevatron. Nous montrons que les données actuelles sont capables de contraindre de manière
significative les opérateurs de CP paire ainsi que certains opérateurs de CP impaire du Lagrangien
effectif. Dans un second temps nous étudions de possibles désintégrations exotiques du boson de
Higgs, qui ne sont générées qu’en tant que conséquence des opérateurs effectifs de dimension 6
(générés par de la nouvelle physique inconnue) et non par le Modèle Standard seul. Les limites
expérimentales actuelles nous permettent de placer des bornes supérieures sur ces opérateurs. Pour
finir nous analysons certaines limitations de l’approche effective, par la comparaison de certains
processus avec boson de Higgs à l’ordre des arbres dans la TCE, avec les prédictions pour les
mêmes processus calculés à l’arbre et à une boucle, dans une classe simple d’extensions du Modèle
Standard connue sous le nom de “Two-Higgs doublet models”.
Mots-clefs : Modèle Standard, Boson de Higgs, Théorie des champs effective, Contraintes expérimen-
tales, Désintégrations exotiques, Two-Higgs Doublet Models
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1Introduction
On the 4th July 2012, the ATLAS and CMS experiments [2] at the Large Hadron Collider
(LHC) of the European Organization for Nuclear Research (CERN), confirmed the existence
of a scalar particle with a mass of about 125GeV. The last analyses done by the CDF and
DØ experiments at Tevatron [3] further strengthened this discovery. This scalar particle was
found to have its production cross-sections and decay rates compatible with those predicted
for the Higgs boson by the Standard Model. This discovery constitutes without any doubt a
big step towards our understanding of the fundamental laws of the Universe, and the biggest
success of the Standard Model of particle physics as finally formulated in the 1970’s. This
discovery, together with all the older ones that paved the way to the Standard Model as
currently formulated, shows the consistency of this theory over a huge range of energies, from
the eV to hundreds of GeV.
The first chapter of this thesis is dedicated to the review of the Standard Model with an
emphasis on its formulation. The spontaneous electroweak symmetry breaking phenomenon
plays a key role as it triggers the Higgs mechanism, generating masses for the electroweak
gauge bosons. However little is known about its fundamental origin. There exist furthermore
open questions concerning the Standard Model, ranging from the so-called “hierarchy problem”
related to the value of the Higgs boson mass, as well as the hierarchy in the fermion masses,
to the existence of neutrino masses and other questions motivated by cosmology.
These unsolved problems constitute a motivation for considering theories beyond the Stan-
dard Model, and in particular studying the Higgs sector in more details. Many candidates of
theories beyond the Standard Model exist that should boil down to the Standard Model at low
energies. As we do not know yet which theory is the correct one, two main different approaches
exist in order to find our way towards a more fundamental theory. The first and main one is
a top-down approach, where a given beyond-the-Standard Model theory is considered and its
consequences are explored by searching for new resonances at particle colliders. In this thesis
we instead study the second approach introduced in the second chapter. This approach con-
sists in using a model-independent effective theory which holds only on a certain energy range.
The Standard Model is then seen as the lowest order theory that should be supplemented by
higher-dimensional non-renormalizable effective operators made out of the Standard Model
fields only, which are generated by the effects of new physics degrees of freedom at higher
energies.
This effective theory framework allows one to study possible deviations of physical ob-
servables with respect to the Standard Model, thus obtaining constraints on the parameters
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of the effective theory. This approach is valid as long as no new light states are present and
more generally new-physics states are decoupled enough from the Standard Model ones, and
consequently as long as there are no large deviations of observables measured with respect
to the predictions of the Standard Model. So far these hypotheses are well verified in experi-
ments. It is then possible to translate these constraints into constraints on the parameters of
any theory satisfying such hypotheses. In the third chapter we compute such constraints on a
subset of effective operators relevant for the Higgs physics at the current status of the LHC,
using the latest Run-I data from the ATLAS and CMS experiments.
Some of the operators within the effective theory can generate exotic interactions involving
the Higgs boson, that are otherwise either predicted with an extremely low rate or completely
forbidden in the Standard Model: in particular, flavour-changing neutral interactions mediated
by the Higgs boson. Some of these interactions are studied in the fourth chapter and upper
bounds are obtained on the Wilson coefficients associated with the corresponding effective
operators, by using indirect or direct limits on searches for such processes at low-energy
experiments and at the LHC.
In the fifth last chapter of this thesis, we adopt instead a top-down approach. Amongst
the well-motivated beyond-the-Standard Model theories there exist some that possess an
extended scalar sector which includes more than one Higgs doublet, such as in the minimal
supersymmetric extension of the Standard Model that requires the presence of two Higgs
doublets. The Higgs sector of the MSSM is one example of the more general class of theories
called “Two Higgs doublet Models”, consisting of the Standard Model with the addition of a
second Higgs doublet. In this chapter we study in which conditions an effective theory can
capture the new effects due to the 2HDM. To that aim we compare predictions for some
processes computed within the 2HDM and within the EFT. EFT captures in general most
of the information in the “decoupling limit” of the 2HDM, while it captures less when this
limit is relaxed. Work is currently ongoing about how the inclusion of dimension-8 effective
operators could change this conclusion.
We conclude our presentation by summarising the results obtained during this PhD thesis.
The first two appendices are devoted to detailed discussion and computations for Chapters 3
and 5. The remaining five appendices concern mathematical tools or physics results that were
broadly used during the PhD thesis, and are added in this manuscript for reminder purposes.
3Chapter 1
The Standard Model of Particle
Physics
1.1 Early developments
Our modern comprehension of particle physics started at the very end of the 19th century when,
based on previous works, J.C. Maxwell was able to summarise the descriptions of electricity
and magnetism in 1865 (“A Dynamical Theory of the Electromagnetic Field” [4]) by unifying
them into a single formalism in which they constitute the two sides of “electromagnetism”
(EM). The Maxwell equations give the configurations of the EM fields corresponding to a
given distribution of charged sources and currents. One of their consequences is that EM
fields can propagate in the vacuum. These equations were also found to be invariant under the
Lorentz-Poincaré transformations. Following A. Einstein, it was then understood that having
a common physics picture compatible with electromagnetism required to replace classical
(Galilean) kinematics by Special Relativity (1905).
Quantum physics appeared in the beginning of the 20th century. Different experimental
results such as the black-body spectrum (M. Planck, 1900), the photoelectric effect (A. Ein-
stein, 1905), lead to the hypothesis of energy quantisation, where the quanta of EM energy
constitute the “photons”. The patterns of lines in emission or absorption spectra of chemical el-
ements, were explained using the atomic Bohr model (1913)1. Finally, the duality between the
wave-like (Maxwell description) and particle-like (photons) behaviour of light led L. de Broglie
(1924) to extend this fact and hypothesize that all matter particles could be as well described
using this wave-particle duality. The spin concept was introduced in 1924-1925 when W. Pauli,
and G. Uhlenbeck and S. Goudsmit proposed the existence of a quantified intrinsic angular
momentum (the “spin”) for the electron, which, together with its orbital angular momentum,
can couple to magnetic fields and explain the (hyper) fine structure of atomic energy lev-
els, which remained unexplained within the Bohr model. This hypothesis was retrospectively
experimentally verified by the experiment of O. Stern and W. Gerlach (1922).
1Extended by A. Sommerfeld in 1915 to include relativistic corrections.
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1.2 Towards the Standard Model of particle physics
The aim is to describe the dynamics of physical systems and obtain quantitative predictions
that can be tested and validated by experiments, while being compatible with what was learnt
so far. Therefore:
• the candidate theory is required to be compatible with Special Relativity, therefore it
should be formulated on a 4D flat space-time (Minkowski) and be Lorentz-invariant,
where Lorentz invariance is not explicitly broken. Its elementary degrees of freedom
are described as functions of space-time points, the “fields”. After quantisation of the
theory, the fields become space-time-dependent operators. They are of integer or half-
integer spin, and the CPT theorem [5] implies they will either be bosons or fermions,
respectively.
• The physical system is usually invariant under a certain number of symmetries. This
implies there exist either selection rules or conserved quantities. The concept of sym-
metries is fundamental in modern field theories. When a theory is invariant under a
set of transformations defining a continuous symmetry, Nöther’s theorem (1918) implies
that some quantities (e.g. energy, momentum, electric charge, ...) are conserved. The
symmetries dictate the allowed possibilities for the group representation of the fields.
• The dynamics of the system is described by a Lagrangian density, that describes how the
fields propagate and interact. The Lagrangian formulation is employed because Lorentz
invariance can be made explicit and the implementation of the symmetries is possible
at this level. The Lagrangian function is a Lorentz scalar. Equivalently one can specify
the action, which is the space-time integral of the Lagrangian density, and as such
possesses all of the symmetry properties of the Lagrangian. From the action one can
deduce the (Euler-Lagrange) equations of motion (EOM) for each field of the theory.
Their solutions correspond to stationary solutions of the action and give the physical
possible field configurations.
1.2.1 Electromagnetism
In electromagnetism, the electron field is encoded as a Dirac spinor Ψ of mass me which
satisfies the Dirac equation2:
(i∂µγ
µ −me)Ψ = 0 , (1.2.1)
where the γµ are the four Dirac matrices. This equation is deduced from the equation of
motion of the Lagrangian for electromagnetism:
L = Ψ(i∂µγµ −me)Ψ . (1.2.2)
2In the following we use the notation: kµγµ ≢k for any 4-vector kµ.
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A similar equation exists for the adjoint spinor Ψ ≡ Ψ†γ0. The Dirac equation and the
Lagrangian are invariant by a global rephasing of the spinor field with an arbitrary phase α:
Ψ(x)→ eiαΨ(x) . (1.2.3)
Nöther theorem then implies that the electromagnetic current Jµ = ΨγµΨ is conserved (we
have: ∂µJµ = 0), as well as the electric charge Q =
∫
d3 xJ0. However, the Lagrangian 1.2.2 is
not invariant under a local rephasing, corresponding to a U(1) local symmetry (where α now
depends on a space-time point xµ):
Ψ(x)→ eiα(x)Ψ(x) , (1.2.4)
because the derivative term transforms as:
∂µΨ(x)→ ∂µ[eiα(x)Ψ(x)] = eiα(x)[i∂µα(x) + ∂µ]Ψ(x) (1.2.5)
which is different from eiα(x) ∂µΨ(x). To make the theory locally U(1)-invariant, the extra
∂µα(x) term should be reabsorbed somehow; this can be done by introducing a vector gauge
field Aµ(x) which transforms as3:
Aµ(x)→ Aµ(x) + 1
Q
∂µα(x) (1.2.6)
and couples to Ψ as: QΨ ̸A Ψ. The derivative term should be replaced by a covariant derivative
Dµ ≡ ∂µ − iQAµ(x) (this is called minimal coupling), such that the term DµΨ remains
invariant under the local rephasing (explicit dependence on x is dropped in the following):
DµΨ = (∂µ−iQAµ)Ψ→ [∂µ−iQAµ−i∂µα](eiαΨ) = eiα[∂µ−iQAµ]Ψ = eiαDµΨ , as required.
(1.2.7)
The gauge field Aµ corresponds to the electromagnetic field potential, which couples to the
electron field with a coupling constant Q. Its role is to absorb the extra term generated after
the transformation (it was “gauged”). With those changes, the Lagrangian becomes:
L = Ψ(i D̸ −me)Ψ (1.2.8)
and is now invariant under a local U(1) symmetry. However Aµ can be a dynamical field, in
the sense it should have an equation of motion. Its dynamical term in the Lagrangian should
also be a gauge-invariant Lorentz scalar. Such a scalar built out of Aµ only can be found the
following way: first, for any field Ψ, consider the commutator of the covariant derivatives:
[Dµ;Dν ]Ψ = (∂µ − iQAµ)(∂ν − iQAν)Ψ− (∂ν − iQAν)(∂µ − iQAµ)Ψ
= −iQ(∂µAν − ∂νAµ)Ψ = −iQFµνΨ , for any Ψ. (1.2.9)
In the last line we defined the field-strength tensor Fµν = ∂µAν − ∂νAµ (also called “electro-
magnetic” or “Faraday” tensor). Then, a gauge-invariant Lorentz scalar can be built out of
3An alternative convention for the gauge transformation of Aµ is: Aµ → Aµ + ∂µα, together with the
corresponding gauge transformation for the fermionic field: Ψ→ eiQαΨ.
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this tensor: FµνFµν , which gives indeed the correct kinetic term for the photon field Aµ after
correct normalization.
We are now able to write the complete Lagrangian for electromagnetism, with the photon
and electron fields, invariant under the local U(1) symmetry:
LEM = −1
4
FµνF
µν +Ψ(i D̸ −me)Ψ . (1.2.10)
If we write the equation of motion for Ψ, we get back the Dirac equation, now written using
the covariant derivative, describing the dynamics of the electron field in presence of the photon
field:
(i D̸ −me)Ψ = 0 . (1.2.11)
Writing the equation of motion for Aµ, describing its dynamics in presence of sources, we get:
∂µ
∂L
∂∂µAν
− ∂L
∂Aν
= 0→ ∂µFµν = −QΨγνΨ ≡ Jν (1.2.12)
which are nothing but the Maxwell equations written in covariant form.
A proper quantisation procedure of electromagnetism (quantum electrodynamics, QED)
using path-integral formalism, and involving the procedure of renormalization, was formu-
lated by R. Feynman, J. Schwinger and S.I. Tomonaga [6] (see also [7]). The renormalization
procedure causes the couplings of the theory to “run” with the energy scale at which physi-
cal phenomena are probed. In abelian theories such as QED, the strength of these couplings
increase with the energy.
1.2.2 Early model of Weak interactions: Fermi Theory
In the beginning of the 20th century it was thought that radioactive decays of nuclei by β-
decay was a two-body process, where a neutron decays into a proton and an electron. However
the energy spectrum of the emitted electron was found experimentally to be not the one of a
two-body decay, i.e. a peak at the corresponding energy as determined by kinematics. Instead
a continuous spectrum – going to zero at some maximum energy threshold – was found, which
is the attribute of a 3-body decay, even if no third particle was directly observed. To remain
compatible with the principle of energy conservation and explain this phenomenon, neutrinos
were postulated by W. Pauli [8] in 1930. In 1934, E. Fermi [9] proposed his model for β-decay,
consisting in a 4-fermion interaction: n→ pe−νe, and this interaction was originally thought
to be of vector-like nature. The corresponding Lagrangian for this model reads:
LFermi = −GF√
2
[pγµn][eγ
µνe] + h.c. (1.2.13)
with the dimensionful Fermi constant GF = 1.167× 10−5GeV−2, where a hadronic current
Jh
µ = pγµn is contracted with a leptonic current Jℓµ = eγµνe, which generalizes into the sum
over the different lepton families e, µ, τ .
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The observation of long-living and short-living particles constituted another motivation
for the existence of a weak interaction. For example some particles have life times orders of
magnitude different between themselves:
n→ pe−νe : τn = 920 s ≈ 15min ;
µ− → e−νµνe : τµ = 2.2× 10−6 s ;
π± → µ±(−)νµ : τπ± = 2.6× 10−8 s ;
(1.2.14)
to be compared with:
π0 → γγ : τπ0 = 8.5× 10−17 s (electromagnetic decay) ;
∆→ π0p : τ∆ = 6× 10−24 s (strong decay) .
(1.2.15)
The experimental direct confirmation of the existence of the neutrinos came only in 1956 by
C. Cowan and F. Reines via inverse β-decay processes (neutrino capture).
In 1956, C.N. Yang and T.D. Lee [10] proposed that parity symmetry could be violated in
β decays (parity was known to be conserved in electromagnetism), in order to explain the fact
that charged strange kaons could decay into two different final states of opposite parities4:
K+ → π+π0 (P = +1) and K+ → π+π+π− (P = −1). Parity violation was detected one
year later in 1957 by C.S. Wu et al., in the process 60Co → 60Ni + e− + νe + 2γ, where
they measured that the emitted electrons were exclusively left-handed and the antineutrinos
right-handed. The Fermi currents therefore could not be only vector-like but should have an
axial component: Jµ = αVµ + βAµ, where the vector and axial components Vµ and Aµ read
and transform under parity as:
Vµ = Ψ1γµΨ2 →
P
Ψ1γ0γµγ0Ψ2 = (Ψ1γ0Ψ2,−Ψ1γiΨ2)
Aµ = Ψ1γµγ5Ψ2 →
P
Ψ1γ0γµγ5γ0Ψ2 = (−Ψ1γ0γ5Ψ2,+Ψ1γiγ5Ψ2) (1.2.16)
The fact that experimentally the emitted electrons were only left-handed, consitutes evidence
of maximal violation of parity and implies that the currents should be of the form:
Jµ = Vµ −Aµ , (1.2.17)
being equal to eγµ(1 − γ5)νe for the leptonic current, and with a similar expression for the
hadronic current. This “V–A” current was included in Fermi theory to explain parity violation
by R. Feynman and M. Gell-Mann in 1958 [11]. The new Lagrangian then takes the form:
LV–A = −GF√
2
[pγµ(1− γ5)n][eγµ(1− γ5)νe] + h.c. (1.2.18)
While parity is violated in weak decays, it was thought that CP (i.e. charge + parity)
symmetry was still conserved (Landau, 1957). However it was discovered it was not the case,
4Because of that physicists at that time thought these were two different mesons, even if they had the very
same mass and width; this situation was known as the τ − θ puzzle.
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in 1964 by J.W. Cronin and V. Fitch [12] in the neutral kaon system (K0-K0 oscillations).
Contrary to parity violation, CP violation cannot be simply explained in the V–A theory
unless other families of quarks are considered instead of just one (up and down quarks).
1.2.3 Intermediate Vector Boson Theory
Fermi theory suffers from some theoretical problems: the behaviour of the computed cross-
section for d→ ue−νe grows as the energy squared, which violates unitarity after some energy
threshold; and the coupling constant GF is dimensionful, more precisely it is homogeneous to
the inverse square of energy, implying that the 4-fermion interaction is of energy-dimension
equal to 6. This means this operator is not renormalizable in four dimensions. Due to the
structure of the 4-fermi operator (current-current interaction), it was conjectured that some
“intermediate” vector bosons were exchanged between the two fermionic currents, similarly
to QED: this is the so-called “Intermediate Vector Boson” (IVB) theory. Because the fermion
currents are left-handed, these vector bosons need to couple maximally in a left-handed way
only, and, because electric charge flows between the two fermionic currents, the bosons are
required to be charged. By dimensional analysis the value of the Fermi constant GF gives an
order of magnitude for the masses of the vector bosons: G−1/2F ≈ 293GeV. Inspired by QED
and requiring charged and massive bosons, we have the following new Lagrangian, where the
pair of charged vector bosonsW+µ andW−µ are introduced (the second is the charge-conjugate
of the first one):
LIVB = −1
4
W+µνW
− µν +m2WW
+
µ W
− µ +
g√
2
{
JµW
+ µ + h.c.
}
. (1.2.19)
The first term is the kinetic term for the vector bosons, where: W+µν = ∂µW+ν − ∂νW+µ .
The second term is the mass term for the vector bosons, we note that it explicitly breaks
gauge invariance: the proper way to introduce masses for the vector bosons is via spontaneous
symmetry breaking and the Higgs mechanism that will be introduced later in Section 1.3.1.
The last term describes an interaction (with the dimensionless coupling constant g) between
a vector boson and a charged current (decomposed into a leptonic and a hadronic part): Jµ =
J ℓµ + J
h
µ with J ℓµ =
∑
ℓ=e,µ,τ ν
ℓ
LγµℓL and J
h
µ =
∑
q=u,c,t
q′=d,s,b
qγµq
′
L, where we denote: ΨL ≡ PLΨ
and PL = 1−γ52 being the left-handed projector selecting the left-handed component of a Dirac
spinor.
Hence, in the IVB theory the 4-fermion interaction for β-decay becomes:
GF√
2
[uγµ(1−γ5)d][eγµ(1−γ5)νe]+h.c.→ g√
2
[uγµdL]×
gµν − pµpνm2W
p2 −m2W
× g√
2
[eγννeL]+h.c. . (1.2.20)
The W -boson propagator describes the exchange of a W boson of mass mW with a momen-
tum transfer p2 between the two fermionic charged currents. We see that the Fermi theory
corresponds to the low-energy approximation of the IVB theory when p≪ mW , and the Fermi
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constant GF was meant to be interpreted as an effective coupling, such that:
GF√
2
=
g2
8m2W
(1.2.21)
and is measured experimentally via the muon’s lifetime:
τµ =
192π3
G2Fm
5
µ
≈ 2.197× 10−6 s . (1.2.22)
1.2.4 Yang-Mills Theories – Electroweak symmetry group SU(2)× U(1)
When the Standard Model was being built, weak interactions were described by only two mas-
sive charged vector bosons, until the discovery of the weak neutral currents by the Gargamelle
experiment [13] in July 1973 at CERN. Charged weak interactions act on left-handed fermions
only. On the other side, electromagnetism acts the same way on left or right-handed fermions.
If we want to “unify” these two interactions it may be interesting to extend the ideas of QED
to other interactions.
In 1954, C.N. Yang and R. Mills [14] generalized in a profound way the ideas on which
QED was based on. In the QED framework, the physics is invariant by local rephasings of the
electron field, corresponding to a local continuous U(1) symmetry. This symmetry group has
the nice property of being commutative (abelian). Supposing a local invariance with respect
to this symmetry leads to the introduction of the photon gauge field Aµ.
In the case of weak interactions there are two charged bosons. The simplest unitary group
able to describe at least two bosons is the SU(2) group, which is non-commutative. Actually,
because it contains 3 generators, this group is able to describe three bosons. This could be the
answer to a possible unification of weak and electromagnetic interactions. The actual answer
is a bit more involved as we will see later on, but for now, let us investigate this hypothetic
theory based on the SU(2) group.
For weak interactions the basic fermionic fields are the charged leptons: e−, µ− and τ−
(confirmed after its discovery in 1975 by M. Perl et al. at SLAC [15]), their associated neu-
trinos, and the quarks from the strong interactions (see next section) in different flavours. An
important point to be made is that for the real weak theory the fermions are required to be
left-handed only. For now we put aside this point and continue with non-chiral fermions. We
will come back to this point later on. A fermion f of mass mf transforms generally under the
symmetry group as:
f(x)→ V (x)f(x) ;where: V (x) = eiαi(x)τ i . (1.2.23)
The local transformation operator V is unitary. There are i different local parameters αi
associated to the generators of the SU(2) group τ i, (i = 1 · · · 3), that are in the fundamental
representation: τ i = σ
i
2 with σ
i the 3 Pauli matrices, given in the chiral basis by:
σ1 =
(
0 1
1 0
)
; σ2 =
(
0 −i
i 0
)
; σ3 =
(
1 0
0 −1
)
. (1.2.24)
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The starting point Lagrangian is again the same as in QED:
L = f(i ̸∂ −mf )f ; (1.2.25)
however, because it has to be invariant under the local transformations, the Lagrangian needs
to be modified (the problem is again the derivative, which does not transform as we would
like, i.e. ∂µf(x)→ V (x)∂µf(x)). The derivative ∂µf(x) can be formally defined as the directed
derivative along a 4-vector n in the following sense:
nµ∂µf(x) = lim
ϵ→0
1
ϵ
[f(x+ ϵn)− f(x)] . (1.2.26)
The fermion fields are subtracted at two different positions of space-time; however, because
of the transformation property of f , they transform differently at the two different positions.
To cure this problem the field at x needs to be transported to x+ϵn; to that aim a “comparator ”
U(y, x) is introduced such that: U(x, x) = 1 and transforms as: U(y, x)→ V (y)U(y, x)V (x)−1.
This definition is chosen such that f(y) and U(y, x)f(x) transform the same way. We then
define a covariant derivative as:
nµDµf(x) = lim
ϵ→0
1
ϵ
[f(x+ ϵn)− U(x+ ϵn, x)f(x)] (1.2.27)
which transforms as: Dµf(x) → V (x)Dµf(x) by construction. In the vicinity of x we can
expand U as:
U(x+ ϵn, x) = 1+ iϵnµgW iµ(x)τ
i +O(ϵ2) (1.2.28)
such that the covariant derivative takes the form (up to order ϵ2):
nµDµf(x) = n
µ(∂µ − igW iµ(x)τ i)f(x) ; Dµ ≡ ∂µ − igW iµ(x)τ i . (1.2.29)
The W iµ are the three gauge bosons of the theory. Their dynamics is obtained from their
field-strength tensors: defining Wµ ≡W iµτ i, we have, for a fermion f :
[Dµ;Dν ]f = (∂µ − igWµ)(∂ν − igWν)f − (∂ν − igWν)(∂µ − igWµ)f
= −ig[∂µWν − ∂νWµ − ig(WµWν −WνWµ)]f = −igWµνf . (1.2.30)
The last term in brackets, equals to the commutatorWµWν−WνWµ ≡ [Wµ;Wν ] =W jµW kν [τ j ; τk],
does not cancel because the group generators do not commute. More precisely, [τ j ; τk] =
iϵijkτ i, where ϵijk are the (totally antisymmetric) structure constants of the group (where we
use the convention: ϵ123 = +1). Therefore the field-strength tensor reads:
Wµν = ∂µWν − ∂νWµ − ig[Wµ;Wν ] ≡W iµντ i ; W iµν = ∂µW iν − ∂νW iµ + gϵijkW jµW kν .
(1.2.31)
What differs with respect to QED, is the appearance of a non-linear part in Wµν , coming
from the fact that the symmetry group is not commutative anymore. This piece provides
self-interactions amongst the gauge bosons.
Building the kinetic term for the electroweak bosons requires some precautions, because
the Lorentz scalar WµνWµν is not SU(2)-invariant (this is a matrix with SU(2) indices un-
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contracted). However, Tr(WµνWµν) = 12W
i
µνW
i µν is SU(2)-invariant, and can be used as the
kinetic term (we have used the group generator normalization: Tr(τ iτ j) = 12δ
ij).
We are now able to write the complete Lagrangian for the toy model invariant under the
local SU(2) symmetry:
LSU(2) = −
1
4
W iµνW
i µν + f(i D̸ −mf )f . (1.2.32)
As well as in QED, one can write Dirac equations for the fermions by using the EOM for f .
The quantisation procedure for non-abelian Yang-Mills theories is more involved than in
QED. Because they are gauge-invariant, a gauge choice needs to be done in order to remove the
redundant degrees of freedom. Using the path-integral formalism, this gauge choice becomes
a constraint in the path-integral, translating into two additional pieces in the Lagrangian: the
introduction of non-physical fields (their statistics does not correspond to their spin) in the
Lagrangian: the so-called “Faddeev-Popov ghosts” [16], which completely decouple in abelian
theories, and the introduction of a gauge-fixing term (which therefore explicitly breaks gauge
invariance). The choice of a generalized Lorentz gauge condition leads to the well-known class
ofRξ gauges. Contrary to abelian theories, the strength of the couplings of non-abelian theories
can decrease with the energy, this is the phenomenon of “asymptotic freedom” discovered by
D. Gross, H.D. Politzer and F. Wilczek [17].
One problem remains concerning the nature of the third vector boson introduced by choos-
ing the SU(2) group. This boson cannot be the photon because one can show [18] that the two
charged currents and the electromagnetic current do not form an algebra, in particular because
the weak interactions act on left-handed fermions only while electromagnetism acts the same
way on both left and right chiralities (vector-like interaction). Hence the weak interactions
and electromagnetism cannot be explained at the same time using the SU(2) group only. One
can either add extra heavy fermions (not observed) into the theory, therefore modifying the
currents and make them forming a SU(2) algebra (H. Georgi and S. Glashow, 1972 [19]), or
minimally extend the symmetry group in order to just add another vector boson associated
to the third generator of SU(2), while having the photon being contained in the extension.
The chosen symmetry group is SU(2)× U(1) (Glashow 1961 and others [20]).
In retrospect this was the best choice, as the alternative possibility of the extra fermions
by Georgi and Glashow was excluded after the discovery of the weak neutral currents. This
interaction implied the existence of a massive neutral vector boson mediator that cannot be
the photon. In 1983 the CERN experiments UA1 and UA2 directly discovered the W± and Z
bosons (C. Rubbia and S. van der Meer), which constituted a big success for the electroweak
theory.
In the picture of SU(2)×U(1) symmetry, the fermions can be classified according to their
quantum numbers under the symmetry groups: they can be grouped into SU(2) doublets, of
weak isospin T3 = ±1/2, and singlets (T3 = 0) for a given value of their U(1) hypercharge Y .
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The electric charge Q is related to T3 and Y by a “Gell-Mann-Nishijima-like” formula5:
Q = T3 +
Y
2
. (1.2.33)
1.2.5 Problems of the Intermediate Vector Boson theory
Boson and fermion masses
In complex scalar theories of type φ4, it is possible to write a mass term for the field φ in the
Lagrangian:
L = 1
2
|∂µφ|2 − m
2
2
|φ|2 (1.2.34)
wherem is the mass of φ. This term is globally and locally U(1)-invariant, because |φ|2 remains
invariant under the change: φ→ eiα(x) φ and φ∗ → e−iα(x) φ∗, for any gauge parameter α.
In the case of the massive weak gauge bosons, a candidate for a mass term, which should
be a bilinear term made of the vector fields (so that it has the correct mass-dimension), and
must be Lorentz-invariant, would be:
m2V
2
VµV
µ (1.2.35)
However such a term is not gauge-invariant. Indeed, the gauge transformation for Vµ is:
Vµ → Vµ + 1gV ∂µα, where gV is the associated gauge coupling, and α a local (space-time
dependent) gauge parameter. The mass term therefore transforms as:
m2V
2
VµV
µ → m
2
V
2
(Vµ +
1
gV
∂µα)(V
µ +
1
gV
∂µα) (1.2.36)
which is clearly not identical to the starting term: the terms proportional to ∂µα do not
disappear. This is a general property of pure Yang-Mills theories that all the vector bosons
are massless. Furthermore, the presence of this explicit mass term makes the vector boson
propagator to be of the form:
i
gµν − pµpνm2V
p2 −m2V
(1.2.37)
which behaves as a constant when p→∞, hence making boson interactions non-renormalizable.
What about the fermion fields? In pure electromagnetism or QCD, mass terms for fermions:
mff are allowed because they are globally and locally gauge-invariant under the symmetry
group transformation: f → eiQα(x) f and f → e−iQα(x) f . However the electroweak theory is
a chiral theory, where the SU(2)L local symmetry applies only on left-handed fields; the left
and right fields transform differently under SU(2)L because they belong to different group
representations. By decomposing f into its left-handed and right-handed components: fL and
fR, the mass term would read: mff = mfRfL+mfLfR, where each part of the decomposition
of the mass term is not invariant, hence the sum of the two terms is not. Therefore this mass
5Other authors use instead the normalization: Q = T3 + Y .
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term is forbidden in the electroweak Lagrangian. We therefore conclude that, from the fact
that we are dealing with a Yang-Mills theory, the vector bosons should remain massless, and
because of the fact we are dealing in particular with the electroweak theory, it predicts that all
the fermions either are massless. This is not satisfactory since this is not the case in Nature.
Scattering of massive longitudinally-polarized vector bosons
Within the Intermediate Vector Boson theory, consider the scattering of massive longitudinally-
polarized vector bosons W , see Fig. 1.1. The longitudinal polarization vector of each boson,
in the limit of large momenta, becomes more and more collinear to its momentum: ϵµL ≈ k
µ
mW
up to corrections of order mWE , where E is the energy of a boson in the laboratory’s frame.
WL
WLWL
WL
WL
WLWL
WL
Z/γ
WL
WLWL
WL
Z/γ
Figure 1.1 – Diagrams contributing to WL-WL scattering in the IVB theory.
A full computation of the total amplitude of the process gives, at leading order:
MGauge = − g
2
4m2W
(4− 3
ρ
)u+O(s0) (1.2.38)
with u being one of the three Mandelstam variables, s,t,u, and ρ is a parameter relating the
masses of the W and Z gauge bosons, defined later in Eq. 1.3.28 (ρ = 1 at tree-level in the
Standard Model). The amplitude behaves as M ≈ E2
m2W
and this spoils unitarity because the
amplitude would be greater than one after some energy threshold. The same problem exists
also for W+W− → ZZ, and other processes where longitudinally-polarized massive vector
bosons are emitted.
We are facing two possibilities, either completely abandon the Yang-Mills theories and the
electroweak theory in particular, or find a way to make the vector bosons and the fermions
getting masses a posteriori, via the effect of some “new” dynamics (which is required to be
renormalizable; this can be qualified as dynamical generation of mass) and without any explicit
mass term in the theory. A mechanism should also be found to ensure the unitarity of the
theory for a large range of energies.
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1.2.6 Strong Interactions
Besides electromagnetic and weak interactions, a third type of interactions was brought to
light. It was observed in the 1950’s that a lot of different particles were produced in collider
experiments involving protons and neutrons; some particles were decaying much quicker than
those known to decay through weak or electromagnetic interactions, for example the baryon∆:
∆→ π0p : τ∆ = 6× 10−24 s . (1.2.39)
These particles appeared to be classifiable based on an effective SU(3) symmetry (M. Gell-
Mann, “The Eightfold Way” [21], and Y. Ne’eman [22]), and a first model, the “quark model”,
was invented by M. Gell-Mann and G. Zweig in 1964 [23]. Its basic constituents are the quarks
(fermions of spin 1/2), which are in the fundamental representation of an effective SU(N)
“flavour” group. They can assemble together to form mesons (composed of a quark and an anti-
quark) or baryons (composed of three quarks)6. These bound states are then viewed as being
elements of group multiplets. A very simple example is the proton and the neutron, which can
be viewed as elements of an SU(2) “isospin” approximate symmetry (approximate because
their masses are slightly different); the proton is made of two quarks “up” (u) and one quark
“down” (d) whereas the neutron is made of one quark u and two quarks d. The composite
character of these particles was further confirmed by deep inelastic scattering of electrons
on protons. It is possible to add more quarks in the picture, resulting in more approximate
SU(N) flavour symmetries, but describing more composite particles in an approximate way
since quarks have different masses, which has the effect of breaking the flavour symmetry.
The third quark, the “strange” (s) quark, was postulated in the quark model to incorporate
the kaons (mesons, discovered in 1947) in the classification, which are composed of an u or d
quark, and of an s quark. In the electroweak IVB theory, W bosons allow for the change of
quark flavour (as done in the lepton sector). In order to explain why transitions between u and
d quarks as well as between e− and νe, and between µ− and νµ have similar probabilities of
occurence, whereas transitions with change in strangeness are one-fourth less likely to happen
than those with no change in strangeness, N. Cabibbo predicted a mixing between the quarks
d and s explained through a mixing angle (Cabibbo’s angle). However in the IVB theory it is
possible to have transitions between quarks within a single family (up and down). A partner
to the strange quark was postulated by S. Glashow and J. Bjorken in 1964 [25], which was also
required in the GIM mechanism (1970) [26] to explain why flavour-changing neutral currents
are suppressed. This new quark, the “charm” quark (c) was discovered as the constituent of
the J/Ψ meson (bound state of cc) in 1974 at SLAC and BNL [27].
The observation of the ∆++ baryon state of spin 3/2, which appears to be constituted of
three same up quarks, cannot be explained in this simple picture, for the reason that, according
to the Pauli principle, the quantum state formed by the three quarks should be completely
antisymmetric under the interchange of two of them, one of those three quarks would have
the same quantum state as another one, which is impossible. Therefore it was postulated the
6States with a higher number of quarks and anti-quarks were thought to be possible, yet they had not been
observed until recently by the LHCb experiment which discovered pentaquarks [24].
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existence of another internal quantum number, called “colour”, able to distinguish them. In
this new picture the ∆++ baryon is made of three u-quarks, each of a different colour.
Viewing the quarks as being charged via colour (with NC colours, NC = 3 in the Standard
Model), a dynamical model based on the colour symmetry group SU(NC) can be written, using
the concept of Yang-Mills theories based on the SU(3) symmetry group. The obtained theory
is called QCD. The matter fields (fermions) are the quarks in the fundamental representation
of SU(3), i.e. each quark is a triplet. QCD interactions do not violate flavour. A quark q of
mass mq transforms generally under the symmetry group as:
q(x)→ V (x)q(x) ;where: V (x) = eiαa(x)λ
a
2 , (1.2.40)
where the generators λa are in the fundamental representation of the SU(3) group and cor-
respond to the 8 Gell-Mann matrices. There are therefore 8 gauge bosons Aaµ corresponding
to the eight gluons. All the other properties of Yang-Mills theories are present: the QCD
interactions are non-abelian because the symmetry group does not commute, and the gluons
are all massless. Contrary to weak interactions, no experiments so far imply that the gluons
must be fundamentally massive.
1.3 The Standard Model
The Standard Model embeds electromagnetism and weak interactions together with strong in-
teractions, in such a way that the theory remains explicitly gauge invariant. It is based on the
symmetry group: SU(3)C ×SU(2)L×U(1)Y . The matter fields are fermions, that include the
leptons interacting through electroweak interactions only, and the quarks interacting through
electroweak and strong interactions. The quarks are triplets of the colour group SU(3). Be-
cause the SU(2) bosons interact only with left-handed fermions, their left-handed components
are organized in doublets of the SU(2) group and their right-handed components are singlets:
• Left quark doublets: QiL = (u
i
L, d
i
L)
T , and Right quark singlets: uiR and d
i
R, with i =
1 · · · 3 (3 quark families), corresponding to the up and down, charm and strange, and
top and bottom quarks;
• Left lepton doublets: LiL = (ν
i
L, e
i
L)
T , and Right charged lepton singlets: eiR, with i =
1 · · · 3 (3 lepton families), corresponding to the electron, muon and tau leptons and
neutrinos. No right-handed neutrinos are present in the Standard Model.
1.3.1 Spontaneous symmetry breaking, and the Higgs mechanism
The phenomenon of spontaneous symmetry breaking appears when a theory is invariant under
some symmetry, while its ground state (vacuum) does not exhibit this symmetry. The physical
system chooses one possible particular physical configuration and stays with it. This is a
phenomenon well known in statistical physics, for example in phase transitions. A similar
process happens also in quantum field theories.
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Considering a theory invariant under a global continuous symmetry, when this symmetry is
spontaneously broken, for example when a field acquires a non-vanishing vacuum expectation
value (VEV), the theory can be reexpressed using massless scalar fields; according to the
Goldstone theorem [28] (1962) the number of massless scalar fields is equal to the number of
broken symmetry generators. These massless scalar fields are called “Goldstone bosons”. In
the case of discrete symmetries those bosons are not present because there is no continuous
way to go from a particular physical configuration to another one.
In the case of a theory with local gauged symmetries, possibly non-abelian, the solution
was found by R. Brout and F. Englert [29], and independently by P. Higgs [30] and G. Gural-
nik, C.R. Hagen and T. Kibble [31]. In this picture, some of the (originally massless) gauge
vector bosons become massive because they combine with the would-be generated Goldstone
bosons (the number of which is equal to the number of broken generators). Those would-be
Goldstone bosons provide a non-zero longitudinal component to the (otherwise only trans-
verse) polarization of the vector bosons.
Within the Standard Model the symmetry breaking is done using a new field acquiring a
non-zero VEV. For preserving the vacuum Lorentz invariance it is required that the field is a
scalar of even parity (so far the vacuum was not detected to break CP invariance; the intro-
duced field cannot be a vector because the vacuum does not exhibit any preferred direction).
This scalar should couple in a gauge-invariant way to fermions and to gauge bosons in order
to generate their mass through electroweak symmetry breaking (EWSB). The simplest way is
by embedding this scalar field in a SU(2)L Higgs doublet H which transforms linearly under
the SU(2)L×U(1)Y symmetry of the Standard Model. Other alternatives can be built, using
other SU(2) representations (triplets, ...) where the Higgs field would transform non-linearly
under the symmetry group. The Higgs doublet H couples naturally to down-type fermions;
in the Standard-Model it is possible to define a Higgs doublet in the conjugate representation
of SU(2) for coupling to up-type quarks. In our choice of representation, H is expressed as:
H =
(
φ+
φ0
)
; H˜ ≡ Hc = iσ2H∗(= ϵijH∗j ) =
(
φ0 ∗
−φ−
)
, (1.3.1)
where the charged and neutral components φ± and φ0 are complex scalar fields.
Starting with a massless Lagrangian, the Higgs doublet H couples to the fermions of
the theory through Yukawa couplings and to gauge bosons via its kinetic term through the
covariant derivative: respectively with the terms:
yℓLLHℓR , ydqLHdR , yuqLH
cuR ; |DµH|2 . (1.3.2)
The potential for the H field needs to be added (with terms up to H4 to keep the renormal-
izability of the theory):
V (H) = µ2HH
†H + λ(H†H)2 (1.3.3)
For stability requirements – the potential must be convex – the self-coupling constant λ must
be positive. In the case where µ2H is positive, the potential has only one global minimum at
H = 0. However, if µ2H becomes negative, then the potential acquires a non-trivial minima
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region at |H0|, this is electroweak symmetry breaking (see Fig. 1.2 for a simplified depiction).
Because, after EWSB, it exists a remaining unbroken U(1)EM symmetry corresponding to
electromagnetism, the VEV ofH must not break this symmetry, which means that the vacuum
remains electrically neutral. Only the neutral component of H therefore can acquire a VEV
after EWSB:
H → 1√
2
(
π1 + iπ2
(v + h) + iπ0
)
; v ̸= 0 , (1.3.4)
where we define by convention the vacuum expectation value v =
√
2|H0|. We have:
∂V
∂H†
(H0) = 0 = H0(µ
2
H + 2λ|H0|2) . (1.3.5)
We find an instable maximum at H = 0 and the minima region such that |H0| =
√
−µ2H
2λ =
v√
2
. One can redefine −µ2H = λv2. After EWSB, the Higgs field acquires the mass mH =√
−2µ2H =
√
2λv2, therefore, it depends on the quartic coupling λ. Numerically, from the
measurement of the Fermi constant GF , we have: v = (
√
2GF )
−1/2 ∼ 246GeV.
Figure 1.2 – The famous “Mexican hat” form of the Higgs potential in the simplified case
of a spontaneously broken U(1) local symmetry.
The fields π1, π2 and π0 are the would-be Goldstone bosons, corresponding to the angu-
lar oscillations on the potential Fig. 1.2, that couple respectively to the electroweak gauge
bosons W1,2,3 (from the kinetic term |DµH|2). However these fields are not physical particles,
because they are actually absorbed by the EW gauge bosons and give them their longitudinal
polarization component, making them massive. This is better seen when fixing the unitary
gauge which enforces the Higgs field to be real at each space-time point. In this gauge the
Higgs doublet is rotated as:
H → eiξiσi 1√
2
(
π1 + iπ2
(v + h) + iπ0
)
=
v√
2
(
0
1 + hv
)
; ξi = − 1
v + h
(
π2 , π1 , −π0
)
. (1.3.6)
together with suitable transformations on the electroweak gauge bosons. Only the physical
Higgs boson h remains, and becomes massive (radial oscillations on the potential Fig. 1.2).
The inclusion of the Higgs mechanism in the SU(2)×U(1) electroweak theory was done by
S. Weinberg and A. Salam in 1967 [32], and solves the problem of generation of masses for the
weak gauge bosons, and also for the fermions as we are going to see. This theory is now referred
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to as the Glashow-Salam-Weinberg model. Non-abelian theories with (or without) spontaneous
symmetry breaking were shown to be renormalizable by G.’t Hooft in 1971 [33]. Finally the
Higgs mechanism solves the problem of the scattering of massive longitudinally-polarized
vector bosons, by the inclusion of s and t–channel Higgs propagator: a full computation of
WL
WLWL
WL
H
WL
WLWL
WL
H
Figure 1.3 – Unitarization of WL-WL scattering with s and t–channel Higgs propagator.
the total amplitude of those diagrams gives:
MH = g
2
4m2W
u+O(s0) (1.3.7)
which exactly cancels the growing term ∝ u only in the case ρ = 1 in the Standard Model, see
Eq. 1.2.38. Unitarity is restored since now the complete amplitude does not grow indefinitely
with the energy, it is of order m
2
H
m2W
. This is acceptable as long as the Higgs boson mass is
not too large. An upper bound on its value is given by the perturbativity limit of the Higgs
quartic coupling: λ ≤ 4π → m2H ≤ 8πv2 ≈ (1TeV)2.
1.3.2 Standard Model formulation
The Standard Model is based on the symmetry group: SU(3)C × SU(2)L × U(1)Y . Its La-
grangian, including both EW and strong interactions, reads:
LSM = −1
4
∑
V=G,W,B
V aµνV
a µν+
∑
f=u,d,ℓ
f
i
i D̸ f i−
∑
f=u,d,ℓ
(
Yijf iLHf
j
R + h.c.
)
+ |DµH|2−V (H) .
(1.3.8)
We understand implicit summation over repeated indices, where (i, j) = 1, 2, 3 span the
three lepton families. For each gauge group SU(3)C , SU(2)L and U(1)Y correspond the vector
fields V = Ga=1···8,W a=1,2,3, B respectively. We denote by taV the corresponding generators in
the fundamental representation of the symmetry groups, and by gV the gauge couplings for
each group: for SU(3)C , gV = gS the strong coupling constant and taV =
λa
2 where λ
a are the
8 Gell-Mann matrices; for SU(2)L, gV = g and tiV =
σi
2 where σ
i are the 3 Pauli matrices; for
U(1)Y , gV = g′ and tV = 12 , the generator is proportional to the identity matrix, the quantum
number is the weak hypercharge.
The gauge fields and their field-strength tensors read:
V aµν = ∂µV
a
ν − ∂νV aµ + gV fabcV bµV cν (1.3.9)
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Table 1.1 – Fermion and scalar content of the Standard Model, their group representation
and quantum numbers.
SU(3)C SU(2)L U(1)Y
L. quark doublet qL = (uL, dL) 3 2 1/3
R. quark singlets
{
uR 3 1 4/3
dR 3 1 -2/3
L. lepton doublet LL = (νL, eL) 1 2 -1
R. charged lepton singlet eR 1 1 -2
Higgs doublet H 1 2 1
T3 Y Q
Quarks
uL 1/2 1/3 2/3
dL -1/2 1/3 -1/3
uR 0 4/3 2/3
dR 0 -2/3 -1/3
Leptons
νL 1/2 -1 0
eL -1/2 -1 -1
eR 0 -2 -1
Higgs boson h -1/2 1 0
in general, with fabc the corresponding structure constants of the gauge groups. More precisely:
SU(3) Gluons: Gaµ , a = 1 · · · 8
Gaµν = ∂µG
a
ν − ∂νGaµ + gSfabcGbµGcν (1.3.10)
SU(2)W-bosons: W iµ , i = 1 · · · 3
W iµν = ∂µW
i
ν − ∂νW iµ + gϵijkW jµW kν (1.3.11)
U(1) boson: Bµ
Bµν = ∂µBν − ∂νBµ (1.3.12)
For the U(1) interaction the self-interacting term is absent because the symmetry group is
abelian. The covariant derivatives take the form:
Dµ = ∂µ − i
∑
V
gV t
a
V V
a
µ ≡ ∂µ − igS
λa
2
Gaµ − ig
σi
2
W iµ − ig′
Y
2
Bµ (1.3.13)
They act differently on the different fields according to their quantum numbers (see [34]).
Their expressions for the different fields in the SM are:
DµqL = ∂µ−igS λ
a
2
Gaµ − ig
σi
2
W iµ −
i
2
g′
(
1
3
)
Bµ (1.3.14)
DµuR = ∂µ−igS λ
a
2
Gaµ −
i
2
g′
(
4
3
)
Bµ (1.3.15)
DµdR = ∂µ−igS λ
a
2
Gaµ −
i
2
g′
(−2
3
)
Bµ (1.3.16)
20 CHAPTER 1. THE STANDARD MODEL OF PARTICLE PHYSICS
DµLL = ∂µ − igσ
i
2
W iµ −
i
2
g′(−1)Bµ (1.3.17)
DµlR = ∂µ − i
2
g′(−2)Bµ (1.3.18)
DµH = ∂µ − igσ
i
2
W iµ −
i
2
g′(+1)Bµ (1.3.19)
1.3.3 Gauge sector, gauge boson masses
The Higgs kinetic term |DµH|2 will provide masses to the electroweak gauge bosons after
EWSB. The gauge part of DµH reads:
g
σi
2
W iµ +
g′
2
Bµ ≡ (gVµ) = 1
2
(
gW 3µ + g
′Bµ
√
2gW+µ√
2gW−µ −gW 3µ + g′Bµ
)
(1.3.20)
where: W±µ =
W 1µ∓iW 2µ√
2
. We notice that: (gVµ)† = (gVµ). We have:
|DµH|2 = |∂µH|2 +H†(gV µ)†(gVµ)H − i(∂µH)†(gVµ)H + iH†(gV µ)†(∂µH) . (1.3.21)
In the unitary gauge where: H = v√
2
(
0; 1 + hv
)T , we obtain, up to a global multiplicative
factor of v
2
2 :
|DµH|2 → (∂µh
v
)2+
(
1 +
h
v
)2
(0; 1)(gV µ)†(gVµ)(0; 1)T−i
(
1 +
h
v
)
(
∂µh
v
)(0; 1)
[
(gV µ)− (gV µ)†
]
(0; 1)T ,
(1.3.22)
and the last term cancels. Knowing that:
(gV )†.(gV ) = (gV ).(gV ) =
1
4
(
(gW 3 + g′B)2 + 2g2W+W− 2
√
2gg′W+B
2
√
2gg′W−B (−gW 3µ + g′Bµ)2 + 2g2W−W+
)
(1.3.23)
we finally obtain:
|DµH|2 = v
2
2
(∂µ
h
v
)2 +
v2
2
(
1 +
h
v
)2 1
4
[
(−gW 3µ + g′Bµ)2 + 2g2W−W+
]
. (1.3.24)
The mass term for the W± bosons reads: mW = gv2 . The term containing W
3
µ and Bµ,
corresponding to the mass matrix:
(
B W 3
)( g′2 −gg′
−gg′ g2
)(
B
W 3
)
(1.3.25)
in the (B;W 3) basis, can be diagonalized by the following rotation of the fields:
RθW =
(
cw sw
−sw cw
)
;
(
A
Z0
)
= RθW
(
B
W 3
)
;
(
B
W 3
)
= R−1θW
(
A
Z0
)
(1.3.26)
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where the cosine and the sine of the weak angle which can be expressed in function of the
couplings g,g′ by:
cos θW = cw =
g√
g2 + g′2
; sin θW = sw =
g′√
g2 + g′2
. (1.3.27)
By computing the eigenvalues of the mass matrix we see that the Z boson acquires the mass:
mZ =
√
g2+g′2v
2 while the photon remains massless. Furthermore, there exists in the Standard
Model a very important relation relating the masses of the W and Z gauge bosons:
ρ =
m2W
m2Zc
2
w
(1.3.28)
which is equal to 1 at tree level in the Standard Model, up to quantum corrections for the mass
of mW . This is the consequence of the Higgs embedded in SU(2) doublet. Using other repre-
sentations for the Higgs field would make ρ differ from 1. Any deviations from 1 “measures”
how much the custodial symmetry of the Higgs potential is broken.
To finish the analysis of the gauge sector the field-strength tensors for the (now massive)
W±, Z and A bosons can be evaluated. One obtains:
W±µν = ∂µW
±
ν − ∂νW±µ ; W±µν =W±µν ± ig(W±µ W 3ν −W 3µW±ν ) , (1.3.29)
Zµν = ∂µZν − ∂νZµ ; Zµν = Zµν + igcw(W−µ W+ν −W+µ W−ν ) , (1.3.30)
Aµν = ∂µAν − ∂νAµ ; Aµν = Aµν + igsw(W−µ W+ν −W+µ W−ν ) . (1.3.31)
The gauge boson part of the Lagrangian therefore reads, after EWSB:
LSM ⊃ −1
2
W+µνW− µν −
1
4
ZµνZµν − 1
4
AµνAµν +
(
1 +
h
v
)2(m2Z
2
ZµZ
µ +m2WW
−
µ W
+ µ
)
.
(1.3.32)
In particular, the vector boson kinetic terms give rise to photon-Z-W -W interactions, and
other 3 and 4-boson vertices. The complete Feynman rules for the Standard Model can be
found in T.P. Cheng and L.F. Li book [18].
1.3.4 Fermion masses and interactions
The Yukawa couplings read:
− LY = Yijf iLHf jR + h.c. ≡ Y iju qLiHcuRj + Y ijd qLiHdRj + Y ijℓ LL
i
HclR
j + h.c. (1.3.33)
where the Yukawa matrices Y ijf are in full generality matrices
7 in flavour space, and: Hc =
iσ2H
∗. For up-type quarks for example (the reasoning is the same for the down-type quarks
7It is possible to make the Yukawa matrices real by suitable rotations of the fermion fields.
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and the leptons), we have:
Y iju qL
iHcuR
j + h.c.→M iju
(
1 +
h
v
)
uL
iuR
j + h.c. , (1.3.34)
with the mass matrix (for up-type quarks) being:
M iju = Y
ij
u
v√
2
. (1.3.35)
The mass matrix can be diagonalized by the following method: define the hermitian matrices
Uu and Vu that will diagonalize Mu into the diagonal matrix mu which can be chosen real
positive (via suitable phase transformations on the fermions), such that:
M †uMu = V
†
um
2
uVu ; MuM
†
u = U
†
um
2
uUu → Mu = U †umuVu (andmu = UuMuV †u ) .
(1.3.36)
Now we redefine the fermions in their mass basis as:
u′L
i
= U iju uL
j ; u′R
i
= V iju uR
j (1.3.37)
such that the mass term rewrites (after having defined miiu ≡ miu):
uL
iM iju uR
j = u′L
i
(UuMuV
†
u )
iju′R
j
= u′L
i
(UuU
†
umuVuV
†
u )
iju′R
j
= u′L
i
miju u
′
R
j
= u′L
i
miuu
′
R
i
.
(1.3.38)
The same procedure applies also for the down-type quarks and the leptons, each time with
different set of matrices Ud,ℓ, Vd,ℓ and Md,ℓ (the mass matrices M and m are all proportional
to v√
2
). Note that the fact that the Higgs field h is embedded in a SU(2) doublet, implies
that the coupling of h to the fermions is proportional to their mass, see Eq. 1.3.34.
When going from the gauge basis to the mass basis, the fermionic kinetic term becomes:
fL
i
i ̸∂ fLi + h.c.→ (UfU †f )ijf ′L
i
i ̸∂ f ′Lj + h.c. = f ′L
i
i ̸∂ f ′Li + h.c. , (1.3.39)
i.e. they become diagonal in flavour space. This is also similar for the couplings of the fermions
to the γ, Z and G bosons. However this is not the case for the couplings to the W bosons,
because they mix up-type and down-type fermions (up-type and down type quarks, or left-
handed neutrinos with charged leptons), such that after rotation the couplings are not diagonal
in flavour space; for example for up-type quarks we have:
uL
i W̸ dL
i + h.c.→ (UuU †d)iju′L
i
W̸ d′L
j
+ h.c. ≡ V ijCKMu′L
i
W̸ d′L
j
+ h.c. (1.3.40)
where VCKM = UuU
†
d is the Cabibbo-Kobayashi-Maskawa (CKM) matrix. In the lepton sec-
tor there is no such matrix for the following reason: in the Standard Model, the absence of
right-handed neutrinos makes them massless (their mass matrix is trivial), hence it is always
possible to separately rotate the left-handed neutrinos in such a way that they will always cou-
ple diagonally to charged fermions. However this cannot be generalized in simple extensions
of the Standard Model where heavy right-handed neutrinos are introduced in order to explain
1.4. Higgs production mechanisms and decay channels in the Standard Model 23
the small (but non-vanishing) experimentally measured value of neutrino masses (expected
to be non-zero because of neutrino oscillations), a non-zero mass matrix for neutrinos can be
written. Therefore the previous argument cannot hold anymore and a mixing matrix exists,
corresponding to the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [35].
For now on, fermions are expressed in their mass basis; for simplifications purposes, primes
are removed.
Defining the currents:
J iµ = fγµσ
ifL , i = 1 · · · 3 ; JYµ = fγµYLfL + fγµY 1Rf1R + fγµY 2Rf2R
J±µ = J
1
µ ± iJ2µ ; JZµ =
c2wJ
3
µ − s2wJYµ
2
; JQµ =
J3µ + J
Y
µ
2
= fγµQff
(1.3.41)
the couplings of the fermions to the Z and γ bosons read (using e = gsw = g′cw):
LSM ⊃ g
2
J iµW
i
µ +
g′
2
JYµ Bµ =
g
2
√
2
(J+µ W
+
µ + J
−
µ W
−
µ ) +
g
cw
JZµ Zµ + eJ
Q
µ Aµ . (1.3.42)
1.3.5 Higgs sector
After EWSB, the Higgs potential takes the form:
V (H)→ V (h) = m
2
H
2
h2 + λvh3 +
λ
4
h4 − λv
4
4
with: m2H = −2µ2H = 2λv2 . (1.3.43)
We have respectively the Higgs boson mass term, and cubic and quartic Higgs self-couplings
are generated. Because of the relation linking the Higgs mass and the quartic coupling λ, the
independent measurement of the Higgs boson mass and its self-couplings will allow us to know
the real form of the potential as realized in Nature, and confirm whether the detected scalar
boson is the Higgs boson from the Standard Model, thus giving yet another experimental
confirmation that it is at the basis of the spontaneous symmetry breaking of the electroweak
sector in Nature. The precise estimation of these couplings is of utmost importance when
coming to the question of the stability of the electroweak vacuum, see for example [36].
1.4 Higgs production mechanisms and decay channels in the
Standard Model
While the existence of charged weak interactions, and the discovery of neutral weak currents
at the end of the 1970’s, gave the first indirect confirmations of the validity of the EWSB
hypothesis, searches for the Higgs bosons started at the Large Electron-Positron collider (LEP,
at CERN), and continued at the Tevatron (proton-antiproton collider, at Fermilab) and at
the LHC (CERN).
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Figure 1.4 – Higgs boson couplings to fermions and vector bosons (V = W±, Z) and its
trilinear and quartic self-couplings.
1.4.1 Searches at LEP
The Higgs boson was searched at LEP with the ALEPH, DELPHI, L3 and OPAL experiments
on a mass range < 90GeV during two periods:
• the first one from 1989 to 1995 (Run I), at a center-of-mass energy of ≈ 100GeV;
• the second one from 1995 to 2000 (Run II), at a center-of-mass energy up to ≈ 209GeV.
At those energies the dominant production mechanisms are through weak vector-boson fusion
(Fig. 1.5a) and by ZH-associated production (“Higgsstrahlung”, Fig. 1.5b), where an off-shell
Z boson radiates a Higgs boson. The LEP experiments put a lower exclusion limit on the
mass of the Higgs boson, at mH > 114GeV (using new analyses from July 2008, Fig. 1.5c),
whereas indirect constraints from electroweak precision measurements however privileged a
mass of around mH ≈ (84± 30)GeV with an upper bound of mH < 154GeV at 95% CL.
e−
e+
hW,Z
νe, e
−
νe, e
+
(a) Vector boson fusion
e−
e+
Z
h
Z∗
(b) Higgsstrahlung (c) Limits on Higgs boson mass
(LEP Electroweak Working Group
[37])
Figure 1.5 – Production modes and lower mass limits of the Higgs boson searches at LEP.
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1.4.2 Searches at the Tevatron and the LHC
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Figure 1.6 – Production cross-sections of the Higgs boson for different channels at the
LHC (LHC Higgs XS Working Group [1]).
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Figure 1.7 – Production modes of the Higgs boson at hadron colliders.
Almost independently of its possible mass, the main Higgs production channel in a hadronic
proton-proton collider is via gluon fusion; this is due to the fact that at center of mass ener-
gies of ∼ TeV, proton-proton collisions are dominated by the presence of gluons (the valence
quarks being largely subdominant in the process), and the dominant contribution comes from
a top-quark loop. The second dominant process comes from the fusion of massive electroweak
bosons radiated by incoming quarks. Quarks (mainly from the QCD sea) can also fuse and
produce an (off-shell) Z or W that will radiate a Higgs boson afterwards. A less common
process is the fusion of two top or bottom quarks coming from the splitting of gluons. The
signatures searched for a candidate Higgs boson at the LHC consist primarily in two photons,
4 leptons, 2 leptons plus missing energy, accompanied by jets.
26 CHAPTER 1. THE STANDARD MODEL OF PARTICLE PHYSICS
Tests for the compatibility of the candidate particle with the Standard Model Higgs boson
were done, in particular by studying its spin and parity (see e.g. Refs. [38, 39], [40, 41, 42]
and others). The successful detection of excesses in the di-photon channel implied that the
massive candidate particle decays also into two photons, and this fact provided a first hint
about the spin of the particle, namely that it could not have a spin-1. Indeed, according to
the Landau-Yang theorem [43] it is not possible for a massive spin-1 particle to decay into
two photons (massless spin-1 particles).
1.4.3 Decay channels
The possible decay channels of the Higgs boson, allowed in the Standard Model and by
kinematics, for a mass of mH = 125GeV, are:
• at tree-level, see the two first top subfigures of Fig. 1.4:
– decays to charged leptons e, µ, τ and to “light” quarks u, d, c, s and b, according to
the rates on Fig. 1.8a. On-shell decay to top quark is forbidden sincemt = 176GeV,
however Higgs production in ttH channel is allowed;
– decays to massive vector bosons W+W− and ZZ where at least one of them is
off-shell;
• only at loop level: decays into Zγ, γγ, and gg. In the two last channels, it is indeed
not possible for the Higgs boson to couple directly at tree-level to two photons or two
gluons because it is not charged under U(1)EM nor under SU(3)C . The decays proceed
instead via loops of charged particles: W± bosons, or charged leptons or quarks in the
first case, and quarks in the second case.
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Figure 1.8 – SM-predicted Higgs branching fractions and width in function of its mass
(LHC Higgs XS Working Group [1]). Red vertical bars for a mass of mH = 125GeV.
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Figure 1.9 – Higgs decays at loop-level, via fermionic and bosonic loops. For h→ γγ and
h→ Zγ, charged fermionic loop and W boson loops; for h→ gg, only quark loop.
For a Higgs mass of mH = 125GeV, the main decay channel is the decay into two bottom
quarks, then followed by decays into W bosons. Decays into lighter quarks are in competition
with decays into gluons (primarily via a top or bottom quark loop) and to Z bosons. The
loop-only decays into two photons or Zγ are further reduced, while decays into light fermions
(electrons, muons, or up or down quarks) are completely negligible.
1.5 The need to go beyond the Standard Model
Despite its huge successes in explaining almost all observed phenomena in particle physics
over a wide range of energy, the Standard Model is certainly not a fundamental theory in
the sense it can describe all physical phenomena with a minimal set of parameters. In the
following we evoke some of the current existing problems.
1.5.1 In the Higgs sector
• Even if the fermion masses can be now embedded in an elegant way in the SM formalism,
the Yukawa matrices remain arbitrary and therefore, the pattern of the masses of the
fermions (charged leptons and quarks) remain of unknown origin.
• The Higgs mass is related to the value of its quartic self-coupling λ (and of its VEV v),
the value of which is arbitrary and is not currently explained by a more fundamental
theory.
• In the Standard Model picture, neutrinos remain massless because possible right-handed
neutrinos have not been observed yet and were not included in the formalism. A simple
extension of the SM can be obtained by adding right-handed neutrinos. Experimen-
tally (left-handed) neutrino oscillations have been observed, which is a sign that they
should be massive, yet extremely light: their propagating (physical) mass eigenstates
are different from the gauge eigenstates.
• The Higgs boson is a scalar. In the Standard Model, the self-energy radiative corrections
to the Higgs diverge quadratically due to loop corrections dominated by top quark loops,
scaling as the magnitude squared of the possible theory’s energy cut-off. Therefore it is
quite unnatural that the measured physical mass of the Higgs boson is “light” (hundred of
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GeV); in the Standard Model this can be only possible in the case of the existence of fine
tunings. In the Minimal Supersymmetric Standard Model, the boson/fermion symmetry
and its associated new degrees of freedom, lead to the existence of bosonic and fermionic
corrections to the Higgs mass that precisely cancel the quadratic divergences from the
SM. In composite Higgs models the quadratic divergence problem is evaded because the
natural energy cut-off corresponds to the binding energy of the components of the Higgs
boson.
• The exact reasons leading to electroweak symmetry breaking, i.e. why and how the
Higgs field acquires a non-zero vaccum expectation value, are unknown.
1.5.2 Strong CP problem
Other problems, not related to the Higgs sector, are present within the Standard Model: for
example the “strong CP problem”. In the QCD Lagrangian it is possible to add an extra term
which violates Charge and Parity, known as the θ-term:
θQCDg
2
S
32π2
GµνG˜
µν (1.5.1)
where G˜µν = 12ϵ
µνρσGρσ is the dual field-strength tensor of the QCD field-strength Gµν (and
related to that, the presence of a chiral mass term qmq eiθ
′γ5 q). However, current experimental
limits coming from neutron electric dipole moment measurements, show that if such a term is
present in the theory, then θQCD . 10−10. The smallness of this angle constitutes the “strong
CP problem”. A candidate BSM theory is the Peccei-Quinn model which interprets this angle
as coming from a dynamical scalar field called “axion”, with a supplemental U(1) symmetry
that is subsequently spontaneously broken.
1.5.3 Cosmology
Cosmology brings other questions:
• CP violation in the weak sector of the Standard Model leads to small differences in
rates for weak processes and their equivalent where all the particles are replaced by
anti-particles and vice-versa. The absence of CP violation would lead to the appearance
of the same amounts of matter and antimatter in the universe (baryogenesis), while
CP violation can allow for small discrepancies. However the amount of CP violation
as predicted within the Standard Model cannot explain the observed fact that there is
much more matter than antimatter in the universe, unless the effects of CP violation
happened to be larger than predicted in the past.
• The observed visible matter distribution of galaxies (≈ proportional to the inverse of
the distance with respect to the center of galaxies) does not explain the observed ro-
tational velocity curves of galaxies, unless it exists some kind of matter that remains
unvisible (within the electromagnetic spectrum, meaning it does not interact through
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electromagnetism), extends to larger distances from the center, and has gravitational
interactions. This is the “Dark Matter”, the real nature of which is unknown up to now.
• It is known that the Universe expands, which can be understood from General Relativity
(and Hubble theory). However, the unexpected discovery of accelerated expansion in
1998 cannot be explained unless it exists a medium which gives a correct energy tensor
in Einstein’s equations to account for an accelerated expansion, and has a very peculiar
equation of state: this is the so-called “Dark Energy”.
• Finally, the union of the Standard Model with (classical) General Relativity is not
satisfactory at extremely high energies, due to the fact that GR is non-renormalizable
(at least perturbatively), because the Riemann scalar R entering into the Einstein-
Hilbert action – from which Einstein equations are derived – is a dimension-5 operator.
A satisfying quantisation of GR remains to be discovered, which may lead to some
conceptual changes (some candidates are: loop quantum gravity; string theories).
These unsolved open problems lead us to consider extending the SM. As mentioned before,
many candidate theories beyond the SM already exist, although we do not now yet which is
the best one. The main strategy to address this issue is to explore the consequences of those
theories for experimentally measurable observables. An alternative strategy is to translate
classes of theories into model-independent effective frameworks that hold only on given energy
ranges and which lowest order corresponds to the Standard Model itself. The study, within this
effective framework, of possible experimental deviations of physical observables with respect
to the Standard Model, gives constraints on the parameters of the effective framework. It is
then possible to go back and map these constraints to any explicit theory.
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Chapter 2
Standard Model Higgs Effective Field
Theory
2.1 Philosophy
The problems evoked in the previous chapter showed that the Standard Model cannot be
the “ultimate” theory, i.e. a theory that is valid up to arbitrary high energies and that can
explain all the experimentally observed phenomena. At the same time, the Standard Model
predictions are confirmed with an incredible precision by experiments. It is therefore strongly
expected that there must exist some “New Physics” (NP) at an energy scale ΛNP that is higher
than the electroweak scale currently probed by experiments. At around the scale ΛNP the new
degrees of freedom could be produced on-shell. At energies much below ΛNP, the existence
of these new degrees of freedom would translate into small deviations with respect to the
predictions of the Standard Model due to quantum corrections induced by those degrees of
freedom. The Standard Model is then to be thought of as an effective theory, i.e. the first-order
approximation of a more fundamental theory.
What should be emphasized is that, while the theoretical formulation of the Standard
Model was quite well-guided by experimental results collected since decades, the true nature
of the would-be “fundamental” NP theory is currently unknown. There are different well-
motivated candidates of UV-complete models that supplement the SM by adding new degrees
of freedom, or introduce new fundamental symmetries that should be broken below ΛNP so
as to retrieve the SM group: some examples are given by supersymmetric models (e.g. the
(n)MSSM), or composite models. There also exist alternatives where the notions of space-time
and particles are revisited, as done by string theories. In the current status of experimental
particle physics, one of the privileged ways to select the best beyond-the-SM theory is by the
careful study of possible deviations in physical observables with respect to the predictions of
the SM, and comparing them with the predictions of the candidate theory. On the contrary,
if “New Physics” phenomena are detected by direct observation of new fundamental particles
or completely new other effects, then the selection amongst the candidate theories would be
far easier and the experimental guidance again extremely fruitful.
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One of the main questions arising is then, which form should the effects of the potential
“New Physics” take at low energy, i.e. what should be the form of the possible effective the-
ories. An answer to this question is given by the Appelquist-Carazzone theorem [44] which
establishes that the low-energy behaviour of any renormalizable gauge theory consists of the
renormalization of the coupling constants and field strengths, and the appearance of gauge-
invariant operators uniquely made of fields from the low-energy theory, which are suppressed
by powers of 1/ΛNP. Those operators are generated from the integration of the internal quan-
tum contributions of the new heavy degrees of freedom from the high-energy theory.
2.2 Simple example: Fermi theory
An example of this paradigm is given by the well-known Fermi theory for β-decay. In this
example, the electroweak sector of the Standard Model plays the role of the fundamental
high-energy theory (with the scale ΛNP ∼ mW ), while the process in question are probed at
hundreds of MeV. Therefore, at those energies, any theory for explaining the β-decay should
be written only in terms of protons, neutrons, electrons and neutrinos (for the rest of this
example we will consider the down and up quarks which are the “active” quarks in the process).
Taking into account the observed pattern of parity violation in weak decays (see Chapter 1),
the interaction Lagrangian can be written as:
LW = GF√
2
[uγµ(1− γ5)d][eγµ(1− γ5)νe] + h.c. (2.2.1)
This effective interaction corresponds to the effective 4-fermion vertex depicted in Fig. 2.1
where the W bosons from the full theory (electroweak SM) and possible other quantum cor-
rections are “integrated-out” in the effective vertex. As required by the Appelquist-Carazzone
theorem, this effective interaction operator is suppressed by some power of ΛNP, this can be
seen by noting that the Fermi constant GF is of mass-dimensionM−2 and its numerical value
is indeed small: GF = 1.167× 10−5GeV−2. This can be shown by matching the process (here
at tree-level) with the full theory. The matching scale chosen here, is the natural scale of the
mass of the W boson mW .
Such a 4-fermion vertex operator is indeed not present natively in the SM Lagrangian,
because its mass-dimension is 3/2× 4 = 6, and for 4-D space-time theories (such as the SM),
such an operator is non renormalizable. Consequently it cannot be present natively in any
theory which is valid up to arbitrary high energies. It also breaks unitarity when scattering
cross-sections (e.g. for neutrino scattering on electrons) are evaluated: they grow as the energy
squared. However if we accept the fact that the theory we are writing will necessarily break
down after some energy scale, this theory can be considered valid up to this scale, and we say
this is an effective theory. The dimension ≥ 5 operators are called effective operators.
We now turn towards the SM as an effective theory. Following the same ideas as previ-
ously, we attempt to list all the allowed higher-dimensional operators that can be generated
by any UV-complete theory and which should be taken into account for potential new inter-
actions / deviations from SM interactions. These operators are therefore required to be built
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Figure 2.1 – Fermi interaction as an EFT of the Standard Model. The effective ver-
tex (Fermi interaction) is interpreted as the lowest order in the expansion in momentum
transfer p2 of theW boson propagator exchanged between the fermionic currents (possibly
including propagator and vertex radiative corrections). The two equations show how the
Fermi constant GF can be related to the parameters of the fundamental theory (weak
coupling constant g and W boson mass mW ).
using exclusively the SM fields, and being gauge-invariant under (unbroken) SM gauge group
GSM = SU(3)C × SU(2)L × U(1)Y .
2.3 General principles
Supposing that new-physics (NP) degrees of freedom should reside at an energy scale much
higher than the EW scale, the Appelquist-Carazzone theorem predicts that when the NP
fields are integrated-out, they give rise, at lower energies, to higher dimension effective non-
renormalizable operators in the expansion of the effective Lagrangian, inducing deviations of
the leading-order (LO) Higgs couplings from their SM values. The effective Lagrangian can
be expanded:
Leff = LSM +
∑
D≥5
C(D)
ΛD−4NP
O(D) ({SM fields}) = LSM + LD=5 + LD=6 + . . . (2.3.1)
where the C(D) are dimensionless effective couplings (Wilson coefficients) and the O(D) are
gauge-invariant local effective operators of mass-dimension D ≥ 5 that are function of SM
fields only. The leading term in this expansion is the SM Lagrangian which contains operators
up to dimension 4. ΛNP is the EFT expansion parameter identified with the mass scale of new
particles in the UV theory.
There are two main classes of SM effective field theories that can be generated by BSM
models. From BSM theories containing an elementary Higgs boson h embedded in a SU(2)
doublet H, the low-energy effective field theory that can be written using this doublet is a
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linear EFT in which H transforms linearly under SU(2) and generates Higgs boson couplings
to particles proportional to some power of (v + h). There also exist BSM theories where
the Higgs boson is not part of a SU(2) doublet but instead comes from higher dimensional
representations of SU(2), or is a composite field coming from a strongly-coupled sector as in
Technicolour models (it would be the equivalent of a pion as in QCD, but with the composite
scale at around the TeV). In that case the corresponding low-energy effective field theory is a
non-linear EFT that is expressed in terms of the SM fields, Goldstone bosons and the physical
Higgs boson h that is now a singlet of SU(2) and is independent of the Goldstone bosons.
These two different EFTs generate different characteristic signals, such as the presence or
the absence of correlations between different processes. In this thesis we restrict our study
to linearly-realized EFTs, where the Higgs boson h is part of the SU(2) Higgs doublet H
which transforms in the (1,2, 12) representation of the Standard Model gauge group GSM and
acquires an expectation value v.
2.4 Dimension-5 operator
Using the SM fields only and requiring gauge invariance under the SM gauge group GSM and
being hypercharge neutral, there is only one dimension-5 operator (the so-called Weinberg
operator) that can be built [45]. It reads:
Leff ⊃ cν
ΛNP
OD=5 with: OD=5 = (ℓϵH)(HT ϵℓ) . (2.4.1)
This operator is of utmost importance in neutrino physics because it generates masses for
neutrinos with the EWSB mechanism: when the Higgs field acquires its VEV, a Majorana
mass term is generated, of the form:
mννcν with: mν =
cν
ΛNP
v2
2
. (2.4.2)
Supposing that the order of magnitude for the mass of the neutrinos mν ≈ 1 eV, and an
effective coupling cν ∼ O(1), we obtain that the possible energy scale for new physics is
of order ΛNP ∼ 3× 1010TeV, a scale completely unreachable by current and (near?)-future
colliders. This would mean that new physics arise at this energy scale. For the purpose of
this thesis we will not consider this operator; however we need to keep in mind that well-
motivated UV-complete models such as models involving massive right-handed neutrinos as
a possible candidate for dark matter or models whose aim is to explain neutrino masses
using (inverse) see-saw mechanisms (which introduce new scalars in higher representations of
SU(2)), generate this operator. Typically the new physics scale ΛNP is of order of the mass of
the new right-handed neutrinos (in the first case) or of the order of the mass of the exchanged
scalar (in the second case).
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2.5 Dimension-6 operators
For the remaining of this thesis we enforce that the operators are invariant under the SM
gauge group GSM. At the level of dimension 6 operators, many gauge-invariant operators can
be built, the first attempts were made in [45, 46] including baryon number violating operators.
For the purpose of this thesis we will restrict ourselves to operators which do not violate baryon
and lepton numbers. With those hypotheses, 80 operators (for 1 flavour family) were found
by [47], however it was pointed out by many analyses that some of them were redundant, and
a complete minimal list of 59 operators was finally given in [48]. Relaxing the enforcement
of baryon number conservation, 4 other operators should be added [48, 49] (those operators
will not be considered in our work). When considering the 3 known families of leptons and
quarks, 2499 independent operators are found [50].
2.6 Choice of a dimension-6 operator basis
For each considered mass-dimension it is possible to find a basis of operators, that is, a full
set of operators which span the possible ways of combining the SM fields into gauge-invariant
combinations of the fixed mass-dimension and are not redundant when using equations of
motion, integration by parts, field redefinitions, and Fierz transformations. For dimension-6
operators many different bases exist, amongst which the “HISZ” basis1 [51, 52] which max-
imizes the number of operators containing electroweak bosons, the “Warsaw” basis defined
in [48], or the “Strongly-Interacting-Light-Higgs” (SILH) basis [53, 34] which is more suitable
for theories where the Higgs boson comes from a composite state. Motivated by experimen-
tal Higgs analyses, [54] introduced the so-called “Higgs primary couplings” (see also [55]).
The LHC Higgs Cross Section Working Group 2, for similar reasons, is developing an EFT
framework [56] in which LHC Higgs and EW precision observables can easily be linked to the
Wilson coefficients. As such, a linear-realized EFT with a SU(2) Higgs doublet is assumed.
The connection with experiments is done by explicitly choosing the unitary gauge and writing
all the Lagrangian in terms of the physical fields – bosons, fermions and Higgs field –, this is
the so-called “Higgs basis”2. The physical contents of the EFT and its predictions must be the
same whichever operator basis is chosen. Based on this fact a new software package named
Rosetta was developed [57] to automatize translations between different EFT operator bases,
therefore allowing phenomenological studies performed in a given operator basis to be recast
and used for other choices of bases.
1Hagiwara-Ishihara-Szalapski-Zeppenfeld basis.
2It should not be confused with the name “Higgs basis” used in the context of general two-Higgs doublet
models.
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2.6.1 Warsaw basis
The Lagrangian in the Warsaw basis is given by:
LWarsaw = LSM + 1
v2
∑
i
cˆiOi , (2.6.1)
where LSM denotes the SM Lagrangian, Oi are the dimension-6 operators summarised in
Tab. 2.1 and Tab. 2.2, and cˆi are the Wilson coefficients associated with the operators Oi.
Formally, the dimension-6 operators are suppressed by the scale Λ2NP in the Lagrangian.
However, this scale can be reabsorbed by suitable redefinitions of the Wilson coefficients
and, instead, it is more convenient to use the electroweak scale v. The importance of the
Warsaw basis is that it is the first complete basis that has been written in the literature.
Moreover, the tensor structure of the operators is somewhat simpler than for other popular
bases, and therefore it is convenient for certain calculations. For example, renormalization
group equations for the Wilson coefficients have been originally calculated in this basis.
H4D2 and H6
OH
[
∂µ(H
†H)
]2
OT
(
H†
←→
DµH
)2
O6H (H
†H)3
f2H3
[Oe]ij −
√
mimj
v (H
†H − v22 )e¯iH†ℓj
[Ou]ij −
√
mimj
v (H
†H − v22 )u¯iH˜†qj
[Od]ij −
√
mimj
v (H
†H − v22 )d¯iH†qj
V 3D3
O3G g
3
Sf
abcGaµνG
b
νρG
c
ρµ
O
3˜G
g3Sf
abcG˜aµνG
b
νρG
c
ρµ
O3W g
3ϵijkW iµνW
j
νρW
k
ρµ
O
3˜W
g3ϵijkW˜ iµνW
j
νρW
k
ρµ
V 2H2
OGG
g2S
4 H
†H GaµνG
a
µν
O
G˜G
g2S
4 H
†H G˜aµνG
a
µν
OWW
g2
4 H
†HW iµνW
i
µν
O
W˜W
g2
4 H
†H W˜ iµνW
i
µν
OBB
g′2
4 H
†H BµνBµν
O
B˜B
g′2
4 H
†H B˜µνBµν
OWB gg
′H†σiHW iµνBµν
O
W˜B
gg′H†σiH W˜ iµνBµν
f2H2D
[OHℓ]ij iℓ¯iγµℓjH
†←→DµH
[O′Hℓ]ij iℓ¯iσ
kγµℓjH
†σk
←→
DµH
[OHe]ij ie¯iγµe¯jH
†←→DµH
[OHq]ij iq¯iγµqjH
†←→DµH
[O′Hq]ij iq¯iσ
kγµqjH
†σk
←→
DµH
[OHu]ij iu¯iγµujH
†←→DµH
[OHd]ij id¯iγµdjH
†←→DµH
[OHud]ij iu¯iγµdjH˜
†DµH
f2V HD
[OeW ]ij gℓ¯iσ
kHσµνejW
k
µν
[OeB ]ij g
′ℓ¯iHσµνejBµν
[OuG]ij gS q¯iH˜σµνT
aujG
a
µν
[OuW ]ij gq¯iσ
kH˜σµνujW
k
µν
[OuB ]ij g
′q¯iH˜σµνujBµν
[OdG]ij gS q¯iHσµνT
adjG
a
µν
[OdW ]ij gq¯iσ
kHσµνdjW
k
µν
[OdB ]ij g
′q¯iHσµνdjBµν
Table 2.1 – Dimension-6 operators other than four-fermion operators in the Warsaw basis.
In this table, e, u, d are always right-handed fermions, while ℓ and q are left-handed. For
complex operators the complex conjugate operator is implicit.
2.6.2 SILH basis
The Strongly-Interacting-Light-Higgs (SILH) basis, introduced in [53], is originally built in the
spirit of theories where the Higgs boson comes from a composite state, hence the new-physics
scale ΛNP is understood to be the compositeness scale f = mσ/gσ, where mσ is the mass
scale of new composite states, and gσ is the coupling constant of the new strongly-interacting
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(L¯L)(L¯L) and (L¯R)(L¯R)
Oℓℓ (ℓ¯γµℓ)(ℓ¯γµℓ)
Oqq (q¯γµq)(q¯γµq)
O′qq (q¯γµσ
iq)(q¯γµσ
iq)
Oℓq (ℓ¯γµℓ)(q¯γµq)
O′ℓq (ℓ¯γµσ
iℓ)(q¯γµσ
iq)
Oquqd (q¯
ju)ϵjk(q¯
kd)
O′quqd (q¯
jT au)ϵjk(q¯
kT ad)
Oℓequ (ℓ¯
je)ϵjk(q¯
ku)
O′ℓequ (ℓ¯
jσµνe)ϵjk(q¯
kσµνu)
Oℓedq (ℓ¯
je)(d¯qj)
(R¯R)(R¯R)
Oee (e¯γµe)(e¯γµe)
Ouu (u¯γµu)(u¯γµu)
Odd (d¯γµd)(d¯γµd)
Oeu (e¯γµe)(u¯γµu)
Oed (e¯γµe)(d¯γµd)
Oud (u¯γµu)(d¯γµd)
O′ud (u¯γµT
au)(d¯γµT
ad)
(L¯L)(R¯R)
Oℓe (ℓ¯γµℓ)(e¯γµe)
Oℓu (ℓ¯γµℓ)(u¯γµu)
Oℓd (ℓ¯γµℓ)(d¯γµd)
Oeq (q¯γµq)(e¯γµe)
Oqu (q¯γµq)(u¯γµu)
O′qu (q¯γµT
aq)(u¯γµT
au)
Oqd (q¯γµq)(d¯γµd)
O′qd (q¯γµT
aq)(d¯γµT
ad)
Table 2.2 – Four-fermion operators in the Warsaw basis [48]. In this table, e, u, d are always
right-handed fermions, while ℓ and q are left-handed. A flavour index is implicit for each
fermion field. For complex operators the complex conjugate operator is implicit.
gauge sector. Again we absorb ΛNP into Wilson coefficients in the Lagrangian, and use the
scale v instead to suppress the operators. The Lagrangian in the SILH basis is given by:
LSILH = LSM + 1
v2
∑
i
siOi , (2.6.2)
It actually differs from the Warsaw basis by the introduction of the following nine new
operators:
OW =
ig
2
(
H†σi
←→
DµH
)
DνW iµν ; O2W = D
µW iµνDρW
i ρν ,
OB =
ig′
2
(
H†
←→
DµH
)
∂νBµν ; O2B = ∂
µBµν∂ρB
ρν ,
OHW = ig(D
µH)†σi(DνH)W iµν ; OH˜W = ig(D
µH)†σi(DνH)W˜ iµν ,
OHB = ig
′(DµH)†(DνH)Bµν ; OH˜B = ig
′(DµH)†(DνH)B˜µν ,
O2G = D
µGaµνDρG
a ρν .
(2.6.3)
Consequently, in order to have a non-redundant set of operators, 9 operators present in the
Warsaw basis must be absent in the SILH basis. Those are the 4 bosonic operators OWW ,
O
W˜W
, OWB, OW˜B; 2 vertex operators [OHℓ]11, [O
′
Hℓ]11, and 3 four-fermion operators [Oℓℓ]1221,
[Oℓℓ]1122, [O′uu]3333.
For completeness we write explicitly the D = 6 Lagrangian affecting Higgs phenomenology
in the SILH basis, using the notations of [34] (see also their Equations 2.1, 2.2, 2.3, 2.4 and
2.6):
LD=6 = ∆LSILH +∆LF1 +∆LF2 +∆L4F +∆LGauge +∆LCP , (2.6.4)
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where:
∆LSILH = c¯H
2v2
∂µ(H†H)∂µ(H†H) +
c¯T
2v2
(
H†
←→
DµH
)(
H†
←→
DµH
)
− c¯6 λ
v2
(H†H)3
+
H†H
v2
(
c¯uyuqLH
cuR + c¯dydqLHdR + c¯lylLLHlR + h.c.
)
+
i c¯W g
2m2W
(
H†σi
←→
DµH
)
(DνWµν)
i +
i c¯B g
′
2m2W
(
H†
←→
DµH
)
(∂νBµν)
+
i c¯HW g
m2W
(DµH)†σi(DνH)W iµν +
i c¯HB g
′
m2W
(DµH)†(DνH)Bµν
+
c¯γ g
′2
m2W
(H†H)BµνBµν +
c¯g g
2
S
m2W
(H†H)GaµνG
aµν , (2.6.5)
∆LF1 =
i c¯Hq
v2
(qLγ
µqL)
(
H†
←→
DµH
)
+
i c¯′Hq
v2
(qLγ
µσiqL)
(
H†σi
←→
DµH
)
+
i c¯Hu
v2
(uRγ
µuR)
(
H†
←→
DµH
)
+
i c¯Hd
v2
(dRγ
µdR)
(
H†
←→
DµH
)
+
[
i c¯Hud
v2
(uRγ
µdR)
(
Hc†
←→
DµH
)
+ h.c.
]
+
i c¯HL
v2
(LLγ
µLL)
(
H†
←→
DµH
)
+
i c¯′HL
v2
(LLγ
µσiLL)
(
H†σi
←→
DµH
)
+
i c¯Hl
v2
(lRγ
µlR)
(
H†
←→
DµH
)
, (2.6.6)
∆LF2 =
c¯uB g
′
m2W
yu(qLH
cσµνuR)Bµν +
c¯dB g
′
m2W
yd(qLHσ
µνdR)Bµν
+
c¯uW g
m2W
yu(qLσ
iHcσµνuR)W
i
µν +
c¯dW g
m2W
yd(qLσ
iHσµνdR)W
i
µν
+
c¯uG gS
m2W
yu(qLH
cσµνλauR)G
a
µν +
c¯dG gS
m2W
yd(qLHσ
µνλadR)G
a
µν
+
c¯lB g
′
m2W
yl(LLHσ
µν lR)Bµν +
c¯lW g
m2W
yl(LLσ
iHσµν lR)W
i
µν + h.c. , (2.6.7)
where we used the field-strength tensors Fµν and have defined Hc ≡ i σ2H⋆ and the anti-
Hermitian derivative A†
←→
DµB ≡ A†(DµB) − (DµA)†B. The couplings gS , g and g′ are the
SU(3)C , SU(2)L and U(1)Y coupling constants, respectively.
In this decomposition, ∆LSILH denotes the original Strongly-Interacting Light Higgs dou-
blet Lagrangian (SILH) as introduced first by Giudice et al. [53]. ∆LF1 is the 2-fermion
vertex operators Lagrangian and ∆LF2 is the 2-fermion dipole-type operators Lagrangian.
Not written there is the 4-fermion Lagrangian ∆L4F , which contains twenty-two 4-fermion
baryon-number-conserving operators, and the pure gauge ∆LGauge Lagrangian, containing
gauge-boson self-interaction operators. The latter affect the gauge-boson propagators and
self-interactions but do not have any direct effects on Higgs physics [34]. They possibly play
an indirect role at loop order, when taking into account operator mixing in the renormalization
group equations.
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The CP-violating Lagrangian ∆LCP contains all the possible dimension-6 CP-odd opera-
tors (Equation C.96 of [34]), minus the CP-odd part coming from the complex Yukawa terms
that are already taken into account in the second line of ∆LSILH . Defining the field-strength
tensor duals F˜µν ≡ 12ϵµνρσF ρσ, the CP-odd operators that have an effect on Higgs physics
are:
∆LCP ⊃ i c˜HW g
m2W
(DµH)†σi(DνH)W˜ iµν +
i c˜HB g
′
m2W
(DµH)†(DνH)B˜µν
+
c˜γ g
′2
m2W
(H†H)BµνB˜µν +
c˜g g
2
S
m2W
(H†H)GaµνG˜
aµν . (2.6.8)
2.7 “Higgs basis”; Phenomenological Lagrangian
In this section we relate the Wilson coefficients of dimension-6 operators to the parameters of
the effective Lagrangian describing the interactions of SM mass eigenstates after electroweak
symmetry breaking, following Ref. [56]. The effective Lagrangian is of the form:
Leff = LSM +∆LD=6 , (2.7.1)
where LSM is the SM Lagrangian introduced in Section 1.3.2, and ∆LD=6 contains new
interactions beyond the SM induced by the dimension-6 operators.
One demands that Leff has the following features, which simplify the connection between
the Lagrangian parameters and observables:
• All kinetic and mass terms are diagonal and canonically normalized.
• Tree-level relations between the electroweak parameters and input observables are the
same as the SM ones.
• The coefficient of the vertex-like Higgs interaction term with fermions: hvVµfγ
µf , is
equal to the vertex correction to the SM gauge interaction with fermions: Vµfγµf .
These conditions can always be achieved, without loss of generality, by using equations of
motion, integration by parts, and redefinitions of the fields and couplings.
Below we discuss in more detail the interaction terms which directly participate to Higgs
boson phenomenology. Coefficients of all interaction terms in ∆LD=6 are O(1/Λ2NP) in the
EFT expansion, and will ignore allO(1/Λ4NP) and higher contributions.∆LD=6 can be splitted
into the following parts:
∆LD=6 ⊃ LD=6hff + LD=6hvff + LD=6dipole. (2.7.2)
We derive them starting from the SILH basis; the same interactions could have been derived
starting from another D = 6 operator basis, see for example [56]. This derivation was obtained
using the unitary gauge, when the Goldstone bosons eaten byW and Z are set to zero; see [56]
for a generalization to the Rξ gauge.
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2.7.1 Yukawa operators
In this section we analyse how the Yukawa-like operators from the second line of ∆LSILH will
act in the mass basis and correct the SM Higgs Yukawa couplings after electroweak symmetry
breaking. New Yukawa contributions arise when the Yukawa matrices are non-diagonal in
flavour space:
• For up-type quarks:
H†H
v2
c¯uyuqLH
cuR + h.c. (2.7.3)
• For down-type quarks and leptons:
H†H
v2
c¯dydqLHdR + {q → L; d→ l}+ h.c. (2.7.4)
The Yukawa parameters and the coupling constants, c¯f and yf , are replaced by matrices in
flavour space and can generally be complex. The qL, uR, dR, LL and lR fermions are indexed
with family indices. Those operators are to be added to the SM ones, written here in the
gauge basis:
yiju qL
iHcuR
j + yijd qL
iHdR
j + yijl LL
i
HclR
j + h.c. (2.7.5)
Let us consider up-type quarks only, the reasoning is the same for the down-type quarks
and the leptons. Define the non-diagonal mass matrix yiju v√2 = M
0
u
ij . One obtains, after
expanding the Higgs doublet:
yiju qL
iHcuR
j +
H†H
v2
(c¯uyu)
ijqL
iHcuR
j =M0u
ij
uL
iuR
j
(
1 +
h
v
)
+
(c¯uM
0
u)
ij
2
uL
iuR
j
(
1 +
h
v
)3
= uL
i
[
M0u
ij
+
(c¯uM
0
u)
ij
2
]
uR
j + uL
i
[
M0u
ij
+
3(c¯uM
0
u)
ij
2
]
uR
j h
v
+ uL
i 3(c¯uM
0
u)
ij
2
uR
j
(
h
v
)2
+ uL
i (c¯uM
0
u)
ij
2
uR
j
(
h
v
)3
(2.7.6)
The mass term is:
uL
i
[
M0u
ij
+
(c¯uM
0
u)
ij
2
]
uR
j ≡ uLiM iju uRj ; M iju =M0uij +
(c¯uM
0
u)
ij
2
, (2.7.7)
corresponding to a shift of the SM mass matrix, and can be diagonalized by the same method
as presented in Section 1.3.4, using orthogonal hermitian matrices Uu and Vu that diagonalize
Mu into the real positive diagonal mass matrix mu. In this mass basis, the fermions are
expressed as:
u′L
i
= U iju uL
j ; u′R
i
= V iju uR
j (2.7.8)
and the mass term becomes diagonal:
u′L
i
miuu
′
R
i
; miiu ≡ miu . (2.7.9)
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The same procedure applies also for the down-type quarks and the leptons, each time with
different set of matrices Ud,l, Vd,l and Md,l.
Coming back to Eq. 2.7.6, if the mass term gets diagonalized: u′L
i
miuu
′
R
i, the Yukawa term
becomes:[
M0u
ij
+
3(c¯uM
0
u)
ij
2
]
=
[
M iju + (c¯uM
0
u)
ij
]→ U iku [Mklu + (c¯uM0u)kl]V †u lj = miju + C¯iju
(2.7.10)
with our previous diagonalized mass matrixmu and C¯
ij
u = U iku (c¯uM
0
u)
klV †u
lj
which is in general
not diagonal nor symmetric at all. This new term is completely absent in the Standard Model
and is purely coming from dimension-6 operators. Then, the quadratic and cubic terms in h
become respectively in the mass basis:
uL
i 3(c¯uM
0
u)
ij
2
uR
j
(
h
v
)2
→ u′L
i 3C¯
ij
u
2
u′R
j
(
h
v
)2
; uL
i (c¯uM
0
u)
ij
2
uR
j
(
h
v
)3
→ u′L
i C¯
ij
u
2
u′R
j
(
h
v
)3
(2.7.11)
We then define the Yukawa shift matrix, where we factor out the geometrical average of the
mass of the fermions:
[δyu]
ij =
1√
muimuj
(C¯†u)
ij (no index summation) ; [δy†u]
ij =
1√
muimuj
C¯iju . (2.7.12)
Gathering everything together and summarising up:
(2.7.6) + h.c. = u′R
i
miuu
′
L
i
+ u′R(mu +
√
muimuj [δyu])u
′
L
h
v
+
√
muimuju
′
R
[δyu]
2
u′L
[
3
(
h
v
)2
+
(
h
v
)3]
+ h.c. (2.7.13)
To make the notation clearer in the following and since we are now working in the mass basis,
we drop the primes on the fermions (which meant we were in mass basis).
For interactions mixing up- and down-type quarks, the CKM matrix VCKM = UuU
†
d is
present, and is defined with respect to the rotation matrices diagonalizing the gauge basis
into the mass basis after incorporating the effects of the dimension-6 operators.
Summarising, we obtain:
LD=6hff = −
h
v
∑
f∈u,d,e
∑
i ̸=j
√
mfimfj
[
[δyf ]ij f¯R,ifL,j + h.c.
]
. (2.7.14)
2.7.2 2-fermion vertex operators
In this section we analyse how the 2-fermion vertex operators from ∆LF1 will act in the
mass basis, after electroweak symmetry breaking. They are related to the contact interactions
between the Higgs boson, fermions, and the massive SU(2) vector bosons. The couplings
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c¯Hf are replaced by matrices in flavour space, for quarks and leptons. Using the covariant
derivative for the Higgs doublet, we find:
H†
←→
DµH = i
gv2
2
(
1 +
h
v
)2 1
cw
Zµ , (2.7.15)
Hc†
←→
DµH = −igv
2
√
2
(
1 +
h
v
)2
W+µ , (2.7.16)
H†σi
←→
DµH = −igv
2
2
(
1 +
h
v
)2(√
2W+µ , i
√
2W+µ ,
1
cw
Zµ
)T |i=1···3
. (2.7.17)
Then, we find, writing fL/R
i
γµfL/R
j with fL/R ≡ qL or uR or dR or LL or lR (each c¯ijHfL/R is
then different):
i c¯ijHfL/R
v2
(fL/R
i
γµfL/R
j)
(
H†
←→
DµH
)
⇒ −g
2
(
1 +
h
v
)2⎛⎝ c¯ijHfL/R
cw
fL/R
i ̸Z fL/Rj
⎞⎠ , (2.7.18)
i c¯ijHud
v2
(uR
iγµdR
j)
(
Hc†
←→
DµH
)
+ h.c.⇒ g√
2
(
1 +
h
v
)2
(c¯ijHuduR
i W̸+dR
j + h.c.) , (2.7.19)
i c¯′Hq
kl
v2
(qL
kγµσiqL
l)
(
H†σi
←→
DµH
)
⇒ g
2
(
1 +
h
v
)2( c¯′Hqkl
cw
uL
k ̸Z uLl −
c¯′Hq
kl
cw
dL
k ̸Z dLl
+
√
2c¯′Hud
kl uL
k W̸+dL
l + h.c.
)
and similarly for νL, eL . (2.7.20)
where these equations are equalities. In the left-hand side they are in the gauge basis whereas in
the right-hand side, the fermions are defined in their mass basis (and the primes are removed)
and the VCKM matrix is reabsorbed in the c¯′Hud
ij matrices (for left-handed up-down mixing).
Summing up all these operators, we find the following contributions. In particular their
lowest order in expansion in h/v contributes to the SM fermion operators fL
i
i D̸ f iL+ fR
i
i D̸
f iR, giving vertex corrections.
• For up-type quarks:
− g
2cw
(
1 +
h
v
)2
ui ̸Z
[(
c¯ijHq − c¯′Hqij
)
PL + c¯
ij
HuPR
]
uj
=
√
g2 + g′2
(
1 +
h
v
)2
ui ̸Z [[δgZuL ]ijPL + [δgZuR ]ijPR]uj (2.7.21)
• For down-type quarks: it is the same as for the up-type quarks, however, the c¯′Hq
ij cou-
pling gets a minus sign with respect to its up- equivalent. We obtain:
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− g
2cw
(
1 +
h
v
)2
d
i ̸Z
[(
c¯ijHq + c¯
′
Hq
ij
)
PL + c¯
ij
HdPR
]
dj
=
√
g2 + g′2
(
1 +
h
v
)2
d
i ̸Z
[
[δgZdL ]
ijPL + [δg
Zd
R ]
ijPR
]
dj (2.7.22)
• For up+down-type mixing, they add a contribution to the CKM matrix :
g√
2
(
1 +
h
v
)2
ui W̸+
[
c¯′Hud
ij PL + c¯
ij
HudPR
]
dj + h.c.
=
g√
2
(
1 +
h
v
)2
ui W̸+
[
[δgWqL ]
ijPL + [δg
Wq
L ]
ijPR
]
dj + h.c. (2.7.23)
• For left neutrinos and right antineutrinos:
− g
2cw
(
1 +
h
v
)2
νL
i ̸Z
[
c¯ijHL − c¯′HLij
]
νL
j =
√
g2 + g′2
(
1 +
h
v
)2
νL
i ̸Z [δgZνL ]ijνLj
(2.7.24)
• For charged leptons, similarly to down-type quarks:
− g
2cw
(
1 +
h
v
)2
ei ̸Z
[(
c¯ijHL + c¯
′
HL
ij
)
PL + c¯
ij
HlPR
]
ej
=
√
g2 + g′2
(
1 +
h
v
)2
ei ̸Z [[δgZeL ]ijPL + [δgZeR ]ijPR] ej (2.7.25)
• For neutrinos+electrons mixing: this term adds a contribution to the PMNS matrix :
g√
2
(
1 +
h
v
)2
νL
i W̸+
[
c¯′HL
ij
]
eL
j + h.c. =
g√
2
(
1 +
h
v
)2
νL
i W̸+[δgWℓL ]
ijeL
j + h.c.
(2.7.26)
We note that only a sum of couplings can be constrained for the left-currents of up- and
down-type quarks, neutrinos and leptons operators. We then define the combinations:
δgZuL ij = −
1
2
(
c¯Hq − c¯′Hq
)
; δgZuR ij = −
1
2
c¯Hu (2.7.27)
δgZdL ij = −
1
2
(
c¯Hq + c¯
′
Hq
)
; δgZdR ij = −
1
2
c¯Hd (2.7.28)
δgZeL ij = −
1
2
(
c¯HL + c¯
′
HL
)
; δgZeR ij = −
1
2
c¯Hl (2.7.29)
δgZνL ij = −
1
2
(
c¯HL − c¯′HL
)
(2.7.30)
and
δgWqL ij = c¯
′
Hq ; δg
Wq
R ij = c¯Hud (2.7.31)
δgWlL ij = c¯
′
HL . (2.7.32)
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Summarising, we obtain:
LD=6hvff =
g√
2
(
1 +
h
v
)2
W+µ
∑
i ̸=j
(
u¯L,iγ
µ[δgWqL ]ijdL,j + u¯R,iγ
µ[δgWqR ]ijdR,j + ν¯L,iγ
µ[δgWℓL ]ijeL,j
)
+ h.c.
+
√
g2 + g′2
(
1 +
h
v
)2
Zµ
∑
ij
⎡⎣ ∑
f∈u,d,e,ν
f¯L,iγ
µ[δgZfL ]ijfL,j +
∑
f∈u,d,e
f¯R,iγ
µ[δgZfR ]ijfR,j
⎤⎦
(2.7.33)
where [δg] are Hermitian matrices. The gauge symmetry of the dimension-6 Lagrangian im-
plies: δgWqL = δg
Zu
L VCKM − VCKMδgZdL and δgWℓL = δgZνL − δgZeL . Furthermore, it implies that
the Higgs boson enters via (1 + h/v)2. Therefore, the strength of the Higgs contact interac-
tions of this form is correlated with vertex corrections to the W and Z boson interactions
with fermions.
2.7.3 2-fermion dipole-type operators
In this last section we analyse how the 2-fermion dipole-type operators from ∆LF2 will act in
the mass basis, after electroweak symmetry breaking. We get
• For up-type quarks:
c¯uB g
′
m2W
yu(qLH
cσµνuR)Bµν +
c¯uW g
m2W
yu(qLσ
iHcσµνuR)W
i
µν (2.7.34)
We can redefine c¯uByu times gauge-to-mass basis rotation matrices, as Y Vu coefficients,
and in the right-hand side, the fermions are defined in their mass basis (and the primes
are removed):
c¯uB g
′
m2W
yu(qLH
cσµνuR)Bµν ⇒ g
′
m2W
v√
2
Y Buu
ij
(
1 +
h
v
)
(uL
iσµνujR)Bµν (2.7.35)
c¯uW g
m2W
yu(qLσ
iHcσµνuR)W
i
µν ⇒
g
m2W
v√
2
(
1 +
h
v
)
(Y Wdu
ij
dL
i
σµνujRW
−
µν
√
2 + Y Wuu
ij
uL
iσµνujRW
3
µν)
(2.7.36)
And similarly for Bµν → Gµν ≡ λaGaµν .
• For down-type quarks and leptons:
c¯dB g
′
m2W
yd(qLHσ
µνdR)Bµν +
c¯dW g
m2W
yd(qLσ
iHσµνdR)W
i
µν + {q → L; d→ l} (2.7.37)
Similarly, c¯dByd is replaced by Y Vd , and in the right-hand side, the fermions are defined
in their mass basis (and the primes are removed):
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c¯dB g
′
m2W
yd(qLHσ
µνdR)Bµν ⇒ g
′
m2W
v√
2
Y Bdd
ij
(
1 +
h
v
)
(dL
i
σµνdjR)Bµν (2.7.38)
for leptons:
g′
m2W
v√
2
Y Bee
ij
(
1 +
h
v
)
(eL
iσµνejR)Bµν (2.7.39)
c¯dW g
m2W
yd(qLσ
iHσµνdR)W
i
µν ⇒
g
m2W
v√
2
(
1 +
h
v
)
(Y Wud
ij
uL
iσµνdjRW
+
µν
√
2 + Y Wdd
ij
dL
i
σµνdjRW
3
µν)
(2.7.40)
for leptons:
g
m2W
v√
2
(
1 +
h
v
)
(Y Wνe
ij
νL
iσµνejRW
+
µν
√
2 + Y Wee
ij
eL
iσµνejRW
3
µν)
(2.7.41)
And similarly for Bµν → Gµν ≡ λaGaµν (only for quarks).
Now let us define: g′cwY BX
ij
+gswY
W
X
ij
= e(Y BX
ij
+Y WX
ij
) ≡ (gY )ijγ (X) and −g′swY BX
ij
+
gcwY
W
X
ij
=
√
g2 + g′2(−s2wY BX
ij
+ c2wY
W
X
ij
) ≡ (gY )ijZ (X) (where we used the standard defi-
nitions of cw and sw). We obtain:
• For up-type quarks:
1
m2W
v√
2
(
1 +
h
v
)
(uL
iσµνujR)
[
g′Y Buu
ij
Bµν + gY
W
uu
ij
W 3µν + gSY
G
uu
ij
Gµν
]
=
1
m2W
v√
2
(
1 +
h
v
)
(uL
iσµνujR)
[
(gY )ijγ (uu)γµν + (gY )
ij
Z (uu)Zµν + gSY
G
uu
ij
Gµν
]
(2.7.42)
• For down-type quarks:
1
m2W
v√
2
(
1 +
h
v
)
(dL
i
σµνdjR)
[
g′Y Bdd
ij
Bµν + gY
W
dd
ij
W 3µν + gSY
G
dd
ij
Gµν
]
=
1
m2W
v√
2
(
1 +
h
v
)
(dL
i
σµνdjR)
[
(gY )ijγ (dd)γµν + (gY )
ij
Z (dd)Zµν + gSY
G
dd
ij
Gµν
]
(2.7.43)
• For up+down-type mixing:
g
m2W
v√
2
(
1 +
h
v
)√
2
(
Y Wdu
ij
dL
i
σµνujRW
−
µν + Y
W
ud
ij
uL
iσµνdjRW
+
µν
)
(2.7.44)
• For charged leptons:
1
m2W
v√
2
(
1 +
h
v
)
(eL
iσµνejR)
[
g′Y Bee
ij
Bµν + gY
W
ee
ij
W 3µν
]
=
1
m2W
v√
2
(
1 +
h
v
)
(eL
iσµνejR)
[
(gY )ijγ (ee)γµν + (gY )
ij
Z (ee)Zµν
]
(2.7.45)
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• For neutrinos+electrons mixing:
g
m2W
v√
2
(
1 +
h
v
)√
2Y Wνe
ij
νL
iσµνejRW
+
µν (2.7.46)
We factorize a fermionic geometrical average mass factor for convenience (in particular
only the square root of the mass of the right-handed fermions is factorized in the case of the
W dipole), and we define the combinations (using mW = gv2 ):
dGf ij = −
2
√
2v
g2
√
mfimfj
Y Gff , dAf = −
2
√
2v
g2
√
mfimfj
(Y Bff + Y
W
ff ) ,
dZf = − 2
√
2v
g2
√
mfimfj
(−s2wY Bff + c2wY Wff ) , dWq = −
2
√
2v
g2
√
mfimfj
Y Wdu with Y
W
ud = Y
W
du
†
.
(2.7.47)
Summarising, we obtain:
LD=6dipole = −
1 + h/v
v2
∑
i ̸=j
⎡⎣gS ∑
f∈u,d
√
mfimfj f¯R,iσ
µνT a[dGf ]ijfL,jG
a
µν
+e
∑
f∈u,d,e
√
mfimfj f¯R,iσ
µν [dAf ]ijfL,jAµν +
√
g2 + g′2
∑
f∈u,d,e
√
mfimfj f¯R,iσ
µν [dZf ]ijfL,jZµν
+
√
2g
(√
muimuj u¯R,iσ
µν [dWu]ijdL,jW
−
µν +
√
mdimdj d¯R,iσ
µν [dWd]ijuL,jW
+
µν
)
+
√
2g
(√
meimej ν¯L,iσ
µν [dWe]ijeR,jW
+
µν
)]
+ h.c. ,
(2.7.48)
where σµν = i2 [γµ, γν ], and [dV f ] are general 3×3 matrices. These couplings are absent in the
SM at the tree level, but they arise from dimension-6 operators of the form Hf¯σµνfVµν . The
gauge symmetry of the dimension-6 Lagrangian implies that the W boson dipole couplings
are related to that of the Z boson and the photon: ηfdwf = dzf + s2wdAf , ηu = 1, ηd,e = −1.
Again, it also dictates that the Higgs boson enters via (1 + h/v). Therefore, the strength of
this type of Higgs interactions is correlated with the strength of dipole interactions of the SM
fermions and gauge bosons.
2.8 Going beyond dimension-6: Status of dimension-7 and 8
operators
Dimension-7 operators have been recently completely classified in [58, 59], accounting for 30
operators for 1 family only. The first general feature of odd-dimension effective operators built
out of the Standard-Model fields is that they all violate either the leptonic or the baryonic
numbers: for example, the only dimension-5 operator violates lepton number by 2 units, while
in the case of dimension-7 operators, they either violate the lepton number, or B − L, by
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2 units. The second feature for dimension-7 operators (as was the case for the Weinberg
dimension-5 operator) is that they all contain (pairs of) fermions. The reason is the following:
in the Standard Model, the sources of odd-dimensional objects are either the Higgs doublet
H (scalar, d = 1, Y = 1/2), the covariant derivatives Dµ (vector, d = 1, Y = 0) or pair of
fermions (each fermion being of d = 3/2, Y = 0). Basic objects of even dimensions are the
field-strength tensors Vµν of dimension 2. Furthermore, all the operators must be neutral under
hypercharge and be Lorentz invariant. The latter condition means that all Lorentz indices must
be contracted, therefore an even number of indices must appear in the objects. Suppose that
a dimension-(5 or) 7 operator is built without any fermion. To remain hypercharge neutral
it should contain an even number of Higgs fields (giving either dimension 2, 4 or 6). The
addition of field-strength tensors just adds an even number of Lorentz indices, incrementing
the dimension evenly while not changing hypercharge. To go to dimension (5 or) 7 we are forced
to add an odd number of dimension-1 neutral hypercharge objects, i.e. covariant derivatives,
giving an odd number of Lorentz indices. If Dirac matrices were available (in case fermionic
currents were present) it would be possible to contract the Lorentz indices, therefore we
would have a Lorentz-invariant and hypercharge neutral odd-dimensional operator, but this
is not the case since we assumed we do not use fermions. Hence, no dimension (5 or) 7
fermionic-free operators can exist. The addition of fermions allows, in the case of dimension-
5 operators, to introduce the Weinberg operator discussed in the previous section, while at
the level of dimension-7 operators only one or two fermionic currents are allowed, giving the
classification [58] which was corrected in [59].
The D = 7 operators, violating the lepton number, lead to the generation of neutrino
masses and will be expected to be suppressed by an energy scale ΛNP & 104TeV (see tables
in [60]), and those violating B − L (with up and down quarks) suppressed by a scale ΛNP &
1010GeV due to experimental limits on the proton lifetime τp & 1032 yrs (see references
in [58]).
In [61] the authors expose a technique using the so-called “Hilbert series” based on group-
theoretic methods, in order to obtain the correct number of non-redundant operators and
part of their structure at any given mass-dimension in an effective Lagrangian constituted by
a given field content. We refer to this work and references therein for an extended overview
of the subject, which allows for setting up effective theories in an (almost) automatic way
(indices contractions should be found by hand). With this method, the authors of the corrected
classification [59] were able to obtain the list of dimension-8 operators for 1 family, containing
993 operators (including hermitian conjugates), and computed the number of operators up to
dimension 15 for an arbitrary number of families.
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Chapter 3
Experimental Constraints on some
CP-even and CP-odd dimension-6
Operators
3.1 Introduction
The recent experimental confirmation by the ATLAS and CMS experiments [2] of the existence
of a scalar particle with mass mh of about 125 GeV and production cross-sections and decay
rates compatible with those of the Standard Model (SM) Higgs boson, triggered many studies
of its properties and put constraints on the SM and on some Beyond-the-Standard Model
(BSM) theories. However many questions remain open concerning the fundamental nature of
this boson and the dynamics of the electroweak symmetry breaking (EWSB). If we want to
know whether this discovered scalar particle is the SM or a SM-like Higgs boson as predicted
by some BSM models, probing its properties with precision becomes mandatory. Two main
strategies are available for studying its properties and their possible deviations from their
SM predictions, by either performing a study in the context of a specified model, or using a
model-independent approach with an effective theory framework. The Wilson coefficients of
the effective operators parameterize in a continuous way the possible deviations of the Higgs
couplings from their SM values.
In this chapter we derive a simplified phenomenological Higgs Lagrangian starting from
the Higgs Effective Field Theory Lagrangian with dimension-6 operators, to which we add
conditions from the electroweak oblique S, T , U parameters. We then perform a global fit
to obtain constraints on the phenomenological Lagrangian CP-even and CP-odd parameters,
by using a combination of the latest Higgs signal rates from the Run-I of ATLAS and CMS
experiments, together with electroweak (EW) precision measurements from LEP, SLC and
Tevatron. This work is a continuation of numerous previous studies, amongst which some
that mainly targeted only CP-conserving couplings [62, 63, 64, 52] or others considering CP-
conserving as well as CP-violating couplings [65, 66, 67] using either the phenomenological
Higgs Lagrangian or the dimension-6 Lagrangian before EWSB in a certain choice of operator
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basis. Albeit LHC data strongly suggests that the observed Higgs boson is in excellent agree-
ment with the SM prediction and it indeed possesses the required quantum numbers for a
scalar particle [38, 68], we will nevertheless consider the possibility that this Higgs boson may
have both CP-conserving and CP-violating couplings to bosons and fermions. We will observe
that the CP-even and some of the CP-odd couplings are significantly constrained using the
existing experimental data.
The work is organised as follows. We first review the effective Lagrangian in the linear
realization, built from SU(3)C × SU(2)L ×U(1)Y -invariant dimension-6 operators where the
Higgs field is embedded in a weak SU(2)L doublet H. Because the effective Lagrangian con-
tains a too large number of parameters for practical phenomenological purposes, this number
is then reduced by imposing extra relations amongst these parameters. Those relations are
of two kinds: the first ones come from the nature of the dimension-6 Lagrangian used as the
starting point, and the second ones are needed to remove large power-divergent contributions
to the oblique parameters. After imposing these constraints a total of 7 independent effective
couplings in the CP-conserving sector and 6 independent ones in the CP-violating sector is
obtained. Finally we compute the theoretical Higgs signal strengths in the effective framework
and fit them to the ones coming from the latest Run-I Higgs data from ATLAS and CMS in
various production and decay channels, combined with the EW precision measurements, and
we obtain constraints for the CP-even and CP-odd couplings which are then discussed. We
have performed two fits, the first one with data available in April 2014, and the second one
using the latest data from Run-I of the LHC.
3.2 Dimension-6 EFT and Phenomenological Higgs Lagrangian
We assume in this chapter that new-physics (NP) degrees of freedom reside at an energy scale
much higher than the EW scale for the EFT framework to be valid. Therefore, integrating-out
the NP fields gives rise, at lower energies, to higher dimension non-renormalizable effective
operators in the expansion of the effective Lagrangian, inducing deviations of the leading-
order (LO) Higgs couplings from their SM values. The effective Lagrangian can be expanded
in operators of increasing mass-dimension:
Leff = LSM + LD=5 + LD=6 + . . . . (3.2.1)
We work under the hypothesis that the Higgs boson h is part of the Higgs doublet H which
transforms linearly in the (1,2, 12) representation of the Standard Model SU(3)C ×SU(2)L×
U(1)Y gauge group and acquires an expectation value v. This implies that each piece consists
of gauge-invariant local operators of canonical dimension D uniquely made of SM fields. The
leading term in this expansion is the SM Lagrangian which contains operators up to dimension
4 (see Chapter 1 for notations). We require in this chapter the conservation of baryon and
lepton (BL) numbers and the absence of any source of flavour violation. The only dimension-
5 operator (Weinberg operator), giving masses to neutrinos after EWSB, does not have any
impact on the Higgs phenomenology; however it violates lepton number conservation so it is
removed from our study, and therefore we can focus only on the dimension-6 operators. We
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are led to the conditions presented in Chapter 2. A choice of dimension-6 operator basis needs
to be made: we choose the SILH basis presented in Section 2.6.2.
In this framework the dimension-6 part of the effective Lagrangian can be written as:
LD=6 = LCPC + LCPV (3.2.2)
where the CP-conserving part is given by: LCPC = ∆LSILH+∆LF1+∆LF2+∆L4F+∆LGauge
using the notations of Section 2.6.2: ∆LSILH is the Strongly-Interacting Light Higgs (SILH)
Lagrangian, ∆LF1 contains the 2-fermion vertex operators and ∆LF2 contains the 2-fermion
dipole operators, while ∆L4F is constituted of the 4-fermion baryon-number-conserving oper-
ators and ∆LGauge is made of gauge-boson self-interaction operators. The CP-violating part
LCPV contains all the possible dimension-6 CP-odd operators.
Our first selection of operators is motivated given the current sensitivity of the LHC experi-
ments: operators of dimension greater than 6 will not be relevant. EW precision measurements
from LEP strongly constrain the couplings of SM fermions to EW gauge bosons, which are
modified in the presence of the 2-fermion operators ∆LF1 , so that there is not much room
to affect LHC Higgs phenomenology. The same remark also applies for the 2-fermion dipole
operators ∆LF2 which contribute to electric and magnetic dipole moments (EDM and MDM),
and also contribute to the 3-body Higgs decay: they are further suppressed and thus can be
ignored in the present analysis. The ∆L4F and ∆LGauge parts of the Lagrangian are ignored
because they do not involve any Higgs boson; the gauge part modifying only the triple and
quartic gauge boson couplings and the oblique parameters. The CP-violating part LCPV con-
tains also gauge-boson self-interaction operators that are not taken into account here for the
same reasons as for ∆LGauge. Finally the SILH Lagrangian contains a Higgs self-interaction
operator of the form (H†H)3 that is also removed in this work because current experimental
precision is not sensitive enough to modifications of the Higgs self-couplings.
Considering all of these remarks the relevant dimension-6 Lagrangian can be rewritten as:
LCPC = c¯H
2v2
∂µ(H†H)∂µ(H†H) +
c¯T
2v2
(
H†
←→
DµH
)(
H†
←→
DµH
)
+
H†H
v2
(
c¯uyuqLH
cuR + c¯dydqLHdR + c¯lylLLHlR + h.c.
)
+
i c¯W g
2m2W
(
H†σi
←→
DµH
)
(DνWµν)
i +
i c¯B g
′
2m2W
(
H†
←→
DµH
)
(∂νBµν)
+
i c¯HW g
m2W
(DµH)†σi(DνH)W iµν +
i c¯HB g
′
m2W
(DµH)†(DνH)Bµν
+
c¯γ g
′2
m2W
(H†H)BµνBµν +
c¯g g
2
S
m2W
(H†H)GaµνG
aµν , (3.2.3)
LCPV = i c˜HW g
m2W
(DµH)†σi(DνH)W˜ iµν +
i c˜HB g
′
m2W
(DµH)†(DνH)B˜µν
+
c˜γ g
′2
m2W
(H†H)BµνB˜µν +
c˜g g
2
S
m2W
(H†H)GaµνG˜
aµν , (3.2.4)
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using the same notations as in Section 2.6.2. All the effective couplings c˜i are zero in the
Standard Model.
Concerning the Wilson coefficients, it should be noted that we adopt the normalization
convention of Contino et al. [34] instead of the one from the original SILH article [53] or
the usual one, namely: c¯i
Λ2NP
OD=6 where ΛNP is the new-physics scale, for the purpose of not
making any prior assumptions about its numerical value. In this normalization the scale ΛNP is
reabsorbed into the Wilson coefficients c¯i, which are then expected to be small if they describe
small deviations from the SM. This assumption is so far in agreement with experiments which
do not find large deviations from the SM.
The Yukawa-like terms appearing in the second line of Eq. 3.2.3 are diagonal in the Higgs
mass basis because no source of flavour violation is assumed to be present. Also we suppose
that the Higgs boson can couple in a different way to up- and down-type quarks, and charged
leptons, so that: c¯u = c¯c = c¯t ≡ c¯u, c¯d = c¯s = c¯b ≡ c¯d and c¯e = c¯µ = c¯τ ≡ c¯l. Furthermore
these coefficients can be in full generality complex-valued so that their real (resp. imaginary)
part give rise to CP-conserving (resp. CP-violating) Higgs couplings to fermions. In the CP-
violating piece of the Lagrangian Eq. 3.2.4, the field-strengths contractions (last line) give
contributions to the θ-terms for U(1)Y and SU(3)C so they are expected to be very small.
To finish the build-up of the phenomenological Higgs Lagrangian we place ourselves in
unitary gauge and we expand Leff = LSM + LD=6 after EWSB in the physical Higgs field h
around its vacuum expectation value: H → v√
2
(
0; 1 + hv
)T . The c¯H term of the dimension-6
Lagrangian introduces a finite wave-function renormalization to the Higgs field which needs
to be rescaled to bring its kinetic term back into canonical normalization:
h→ h√
1 + c¯H
≈ h
(
1− c¯H
2
)
, (3.2.5)
which effect is to give a universal resizing of all the partial Higgs decay widths, given by
the rescaling coefficient of h. The dimension-6 Yukawa-like terms shift the mass terms of
the fermions (obtained after setting the three Higgs fields of these terms to their vacuum
expectation value), and we obtain:
yffLHfR +
H†H
v2
c¯fyffLHfR + h.c.→ m0fff
(
1 +
h
v
)
+
m0f
2
f [Re(c¯f ) + iγ5 Im(c¯f )]f
(
1 +
h
v
)3
≈ fm0f [1 +
Re(c¯f ) + iγ5 Im(c¯f )
2
]f +
h
v
fm0f [1 +
3
2
(Re(c¯f ) + iγ5 Im(c¯f ))]f +O
(
h2
v2
)
(3.2.6)
with m0f =
yfv√
2
. We choose to reabsorb the correction into a new definition of mass of the
fermions1 and so, by definingmf = m0f [1+
Re(c¯f )+iγ5 Im(c¯f )
2 ] we can formally invert this relation
1Alternatively the fermions can be rotated again to put them into their mass basis, therefore diagonalizing
their mass term.
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and express m0f in function of mf . At first order in the c¯i, Eq. 3.2.6 becomes:
(3.2.6)→ fmff + h
v
fmf [1 + Re(c¯f ) + iγ5 Im(c¯f )]f +O
(
h2
v2
)
. (3.2.7)
Taking into account Eq. 3.2.5 we obtain the values of cf and c˜f quoted in the dictionary 3.2.11.
The c¯T term in Eq. 3.2.3 gives a correction to the mass term of the Z boson:
m2Z
2
ZµZ
µ → m
2
Z
2
(1− c¯T )ZµZµ (3.2.8)
which should not be normalized if the definition of cos θW = mWmZ is kept. In the next section
we will show that c¯T can be set to zero, hence the Z boson mass correction disappears.
After all these steps, the effective Lagrangian can be written as an expansion in powers
of the physical Higgs field h: Leff = 12 (∂µh)2 −
m2H
2 h
2 + L0 + L1 + · · · ; only linear Higgs
interactions are kept because LHC experiments are not sensitive to multi-Higgs production
up to now. This will however need to be reconsidered for LHC Run-II at higher energies and
luminosities. The Higgs-independent part is given by:
L0 =− 1
4
FµνF
µν − 1
4
ZµνZ
µν − 1
4
W+µνW
−µν − 1
4
GaµνG
aµν + fL
i
i D̸ f iL + fR
i
i D̸ f iR
+
m2W
2
W+µ W
−µ +
m2Z
2
(1− c¯T )ZµZµ −
∑
f=u,d,l
mfff
+ 2c¯γ tan
2 θW
(
s2wZµνZ
µν + c2wγµνγ
µν − 2swcwZµνγµν
)
+ 2c¯g
g2S
g2
GµνG
µν + CP-Odd
+ c¯BZ
µ∂ν
(
tan2 θWZµν − tan θWγµν
)
+ CP-Odd
+ c¯W
(
tan θWZ
µ∂νγµν + Z
µ∂νZµν +W
µDνW †µν + h.c.
)
+ CP-Odd
+ c¯HB × 3-boson+ c¯HW × 3-boson+ CP-Odd
(3.2.9)
where “CP-Odd” holds for the equivalent CP-odd operators (V1µνV2µν → V1µν V˜2
µν
), and “3-
boson” holds for operators containing a product of 3 gauge bosons or more, not considered in
the rest of this work. The linear part is:
L1 = h
v
[
2cWm
2
WW
†
µW
µ + cZm
2
ZZµZ
µ −
∑
f=u,d,l
mff (cf + iγ5 c˜f ) f
− 1
2
cWWW
†
µνW
µν − 1
4
cZZZµνZ
µν − 1
4
cγγγµνγ
µν − 1
2
cZγγµνZ
µν +
1
4
cggG
a
µνG
aµν
− 1
2
c˜WWW
†
µνW˜
µν − 1
4
c˜ZZZµνZ˜
µν − 1
4
c˜γγγµν γ˜
µν − 1
2
c˜ZγγµνZ˜
µν +
1
4
c˜ggG
a
µνG˜
aµν
− (κWWWµDνW †µν + h.c.)− κZZZµ∂νZµν − κZγZµ∂νγµν
]
(3.2.10)
where sw = sin θW and cw = cos θW are the sine and cosine of the weak angle. No γµ∂νγµν or
γµ∂νZµν terms are present in L1 because they break U(1)EM symmetry, and also no CP-odd
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term κ˜V µDν V˜µν because they cancel [34] via the Bianchi identity for the field-strength tensor
Vµν .
The dictionary between the couplings c¯i and ci of the Lagrangians 3.2.3, 3.2.4 and 3.2.10
reads:
cW = 1− c¯H
2
; cZ = 1− c¯H
2
− c¯T
cf = 1− c¯H
2
+ Re(c¯f ) ; c˜f = Im(c¯f ) where f = u, d, l
cWW = 4c¯HW ; c˜WW = 4c˜HW
cZZ = 4
(
c¯HW +
s2w
c2w
c¯HB − 4s
4
w
c2w
c¯γ
)
; c˜ZZ = 4
(
c˜HW +
s2w
c2w
c˜HB − 4s
4
w
c2w
c˜γ
)
cγγ = −16s2w c¯γ ; c˜γγ = −16s2w c˜γ
cZγ = 2
sw
cw
(
c¯HW − c¯HB + 8s2w c¯γ
)
; c˜Zγ = 2
sw
cw
(
c˜HW − c˜HB + 8s2w c˜γ
)
cgg = 16
g2S
g2
c¯g ; c˜gg = 16
g2S
g2
c˜g
(3.2.11)
and:
κZγ = −2sw
cw
(c¯HW + c¯W − c¯HB − c¯B) ,
κZZ = −2
(
c¯HW + c¯W +
s2w
c2w
c¯HB +
s2w
c2w
c¯B
)
,
κWW = −2 (c¯HW + c¯W ) .
(3.2.12)
The SM Lagrangian is recovered when cW = cZ = cf = 1 and all the cij = 0, c˜ij = 0 and
κij = 0. Due to the fact that we are working in the linear-realized EFT with a SU(2) Higgs
doublet, some of the parameters of 3.2.10 are related to each other; this translates into the
following identities:
cWW = c
2
wcZZ + 2cwswcZγ + s
2
wcγγ , (3.2.13)
c˜WW = c
2
w c˜ZZ + 2cwsw c˜Zγ + s
2
w c˜γγ , (3.2.14)
κWW = c
2
wκZZ + cwswκZγ , (3.2.15)
which happen to be the same as the ones obtained when imposing custodial symmetry by
hand on a more general Higgs EFT where the hypotheses of linear realization of EWSB and
the Higgs field representation are relaxed [69].
3.3 Additional Relations from Electroweak Corrections
Higgs rates data publicly available from the ATLAS and CMS collaborations have up to now
a limited power of discrimination between different tensor structures of the Higgs couplings
to vector bosons. They cannot be used alone to put strong constraints on the effective Higgs
couplings, therefore we need additional observables. A solution is to use existing constraints
from EW precision observables and, in particular, we require that all the power divergences
introduced in the oblique corrections by the existence of dimension-6 operators should vanish.
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3.3.1 S, T , U parameters
In many BSM models, new physics is due to heavy particles whose intrinsic energy scale ΛNP
is much larger than the EW scale MEW (for example, of the order of MGUT or MPlanck); if no
new possible EW-like gauge bosons exist atMEW (apart from γ, Z0 andW±), the electroweak
sector remains the one of the Standard Model, i.e. SU(2)L × U(1)Y remains the EW gauge
group [70, 71, 63] and any new physics respecting these conditions will bring vertex and box
corrections (from loops), and EW gauge boson self-energies (vacuum polarizations) correc-
tions. The couplings of new physics particles to light fermions are required to be suppressed
compared to their couplings to the EW gauge bosons. When those criteria are met, it is pos-
sible to neglect vertex and box corrections, and the dominant corrections due to the presence
of new physics are corrections to the propagators of gauge bosons exchanged in 2-fermion
scattering processes. These are the so-called electroweak oblique corrections, conveniently pa-
rameterized by the Peskin-Takeuchi S, T , U parameters [70].
Under the previous assumptions the gauge-boson two-point functions can be expanded
around zero momentum in powers of p2:
Πµν(p
2) = gµν
(
ΠV1V2(p
2) = Π
(0)
V1V2
(0) + p2Π
(2)
V1V2
(0) + (p2)2Π
(4)
V1V2
(0) + · · ·
)
+ pµpν (· · · )
(3.3.1)
where the Vi = 1, 2, 3, B label the SU(2)L×U(1)Y gauge bosonsW1,2,3 and B, and Π(2k)V1V2(0) ≡
1
k!
(
∂
∂p2
)k
ΠV1V2 (0). When denoting δΠ the shift of the corresponding two-point function from
the SM value, the Peskin-Takeuchi parameters can be expressed (in terms of the W1,2,3 and
B, or W±, Z0 and γ bosons) as:
αS = −4swcwδΠ(2)3B = 4s2wc2w
(
δΠ
(2)
ZZ − δΠ(2)γγ −
c2w − s2w
swcw
δΠ
(2)
Zγ
)
, (3.3.2)
αT =
δΠ
(0)
11 − δΠ(0)33
m2W
=
δΠ
(0)
WW
m2W
− c
2
wδΠ
(0)
ZZ
m2W
=
δΠ
(0)
WW
m2W
− δΠ
(0)
ZZ
m2Z
, (3.3.3)
αU = 4s2w
(
δΠ
(2)
11 − δΠ(2)33
)
= 4s2w
(
δΠ
(2)
WW − c2wδΠ(2)ZZ − s2wδΠ(2)γγ − 2cwswδΠ(2)Zγ
)
. (3.3.4)
The translation into the gauge bosons after EWSB can be proven by the following: since
the 2-point functions are quadratic in the fields: ΠV1V2 ∼
∫
V †1 V2, and writing: (1) = W1,
(2) = W2, (3) = W3 and (±) = W±, the 2-point functions for the different gauge bosons are
related via:
Π11 =
1
2
(Π++ + 2Π+− +Π−−) (3.3.5)
Π22 =
1
2
(Π++ − 2Π+− +Π−−) (3.3.6)
Π33 = c
2
wΠZZ + s
2
wΠγγ + 2cwswΠZγ (3.3.7)
Π3B =
(
c2w − s2w
)
ΠZγ − cwsw (ΠZZ −Πγγ) (3.3.8)
ΠBB = c
2
wΠγγ + s
2
wΠZZ − 2cwswΠZγ (3.3.9)
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The requirement that the photon remains massless (thus doesn’t acquire mass corrections)
and using Furry’s theorem, gives that the (tree-level) quantities Π(0)γγ (0) and Π
(0)
Zγ(0) are zero.
Furthermore, the unbroken U(1)EM symmetry which remains after SSB implies that Π11 =
Π22 ≡ ΠWW (whereW holds indistinctively forW+ orW−). This last relation gives Π+− = 0.
3.3.2 Tree-level constraints
Using L0 (Eq. 3.2.9), the Lagrangian part that does not depend on the physical Higgs field
h, we find:
αS = 2s2w (c¯B + c¯W ) , αT = c¯T , αU = 0 . (3.3.10)
At fixed U = 0, the up-to-date experimental limits [72] for the S and T parameters,
determined from a fit for a reference Standard Model with mt,ref = 173 GeV and mH,ref =
125 GeV, are:
S = 0.06± 0.09 , T = 0.10± 0.07 , (3.3.11)
corresponding to the following limits on the values of the combinations of the effective pa-
rameters:
|c¯B + c¯W | ≤ (1.0± 1.5)× 10−3 , |c¯T | ≤ (7.8± 5.5)× 10−4 . (3.3.12)
This motivates setting c¯T and the combination c¯B + c¯W to zero. In the next subsection we
will see that it is indeed possible to do so.
3.3.3 One-loop relations
In this subsection we evaluate at one-loop the self-energies of the form V1–(V /H)–V2, namely:
Z–(Z/H)–Z and Z–(γ/H)–Z, W–(W/H)–W , γ–(γ/H)–γ and γ–(Z/H)–γ, and the Z/γ
mixing Z–(Z/H)–γ and Z–(γ/H)–γ. We use a hard cut-off regularization scheme with a cut-
off Λ for computing the loop integrals and we keep their divergences up to ln Λ2 order. For
the EFT framework to remain valid, it is implicitely assumed that the cut-off scale Λ of the
EW loop is larger thanMEW yet smaller than the new-physics scale ΛNP, so that the effective
hV1V2 vertices can be still considered as “true” vertices (they are not resolved).
V
h
νµ
V1 V2
p p
Figure 3.1 – The one-loop correction V1–(V /H)–V2 with one Higgs boson.
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We obtain the following power-divergent contributions to the S, T , U parameters (see
Appendices A.1.1 and A.1.2 for the details of the computations):
αS = 2s2wc
2
w
Λ2
16π2v2
⎡⎢⎢⎢⎢⎢⎣
c2ZZ − c2γγ − c˜2ZZ + c˜2γγ + 2cZκZZ + 3 (cZZκZZ + cZγκZγ)
− c
2
w − s2w
swcw
(cZκZγ + cZZcZγ + cZγcγγ − c˜ZZ c˜Zγ − c˜Zγ c˜γγ)
− c
2
w − s2w
swcw
3
2
(cZγκZZ + cγγκZγ + κZZκZγ) +
13κ2ZZ + 4κ
2
Zγ
3
⎤⎥⎥⎥⎥⎥⎦+O
(
ln Λ˜2
)
,
(3.3.13)
αT =
3
8
Λ4
16π2v2
[
κ2ZZ + κ
2
Zγ
m2Z
− κ
2
WW
m2W
]
+
Λ2
16π2v2
⎡⎢⎢⎢⎣
c2Z − c2W + 3cZκZZ − 3cWκWW − 3
κ2ZZ − κ2WW
4
− 3m
2
H
4
(
κ2ZZ + κ
2
Zγ
m2Z
− κ
2
WW
m2W
)
⎤⎥⎥⎥⎦+O (ln Λ˜2) ,
(3.3.14)
αU = 2s2w
Λ2
16π2v2
⎡⎢⎢⎢⎣
c2WW − c˜2WW + 3cWWκWW − 3c2w (cZγκZγ + cZZκZZ)− 3cwsw (cγγκZγ + κZZκZγ + cZγκZZ)
+ 2
(
cWκWW − c2wcZκZZ − cwswcZκZγ
)
+ 13
κ2WW − c2wκ2ZZ
3
− 4c
2
wκ
2
Zγ
3
− (cwcZZ + swcZγ)2 − (cwcZγ + swcγγ)2 + (cw c˜ZZ + sw c˜Zγ)2 + (cw c˜Zγ + sw c˜γγ)2
⎤⎥⎥⎥⎦
+O
(
ln Λ˜2
)
. (3.3.15)
Given the current constraints on the oblique parameters [72], we require that loop-induced
power-divergent corrections coming from the effective couplings cancel. We furthermore make
a second hypothesis, namely that there are no fine-tuned cancellations between operators of
different types, i.e. between the CP-even (generating the cV and cV V couplings) and CP-odd
operators (generating the c˜V V couplings) and the ones that generate the κi couplings.
The cancellation of the quartic divergence in the T parameter requires2 that κ2WW =
c2w
(
κ2ZZ + κ
2
Zγ
)
. However the constraint 3.2.15 gives: κ2WW = c
2
w (cwκZZ + swκZγ)
2, so that
we obtain: κ2ZZ+κ
2
Zγ = (cwκZZ + swκZγ)
2. After expansion of the right-hand side, we obtain:
(swκZZ − cwκZγ)2 = 0, so that κZγ = swcw κZZ . Reinjecting this relation in 3.2.15 gives: κWW =
κZZ . Therefore each of the power-divergent part of the S, T , U parameters can be rewritten
under the form:
S, T, U =
Λ2
16π2v2
P(ci, c˜i, κZZ) +O
(
ln Λ˜2
)
(3.3.16)
where P is a polynomial of degree 2. The T parameter can be rewritten as:
αT =
Λ2
16π2v2
[
c2Z − c2W + 3κZZ(cZ − cW )
]
+O
(
ln Λ˜2
)
(3.3.17)
and removing the quadratic divergence from it can be done if cZ = cW ≡ cV (first custodial
relation).
2Using: c2w =
m2W
m2
Z
.
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The U parameter can be reexpressed as:
αU = 2s2w
Λ2
16π2v2
⎡⎢⎢⎣
c2WW − c˜2WW − (cwcZZ + swcZγ)2 − (cwcZγ + swcγγ)2
+ (cw c˜ZZ + sw c˜Zγ)
2
+ (cw c˜Zγ + sw c˜γγ)
2
+ 3κZZ
(
cWW − c2wcZZ − s2wcγγ − 2swcwcZγ
)
⎤⎥⎥⎦+O (ln Λ˜2) . (3.3.18)
The constraint 3.2.13 automatically cancels the last line of the previous equation, so that
removing all the remaining power divergences in U without fine-tuning between the CP-even
and CP-odd parts implies:
c2WW = (cwcZZ + swcZγ)
2 + (cwcZγ + swcγγ)
2 ,
c˜2WW = (cw c˜ZZ + sw c˜Zγ)
2 + (cw c˜Zγ + sw c˜γγ)
2 .
(3.3.19)
By squaring the constraints 3.2.13 and 3.2.14 and equating them with the previous equations,
we obtain: c2Zγ
(
1− 4c2ws2w
)−2cZγ c2w−s2wswcw (cZZ − cγγ)+(cZZ − cγγ)2 = 0 (and similarly for c˜i),
and since:
(
1− 4c2ws2w
)
=
(
c2w−s2w
swcw
)2
, this translates to:
cZγ =
swcw
c2w − s2w
(cZZ − cγγ) → cZZ = cγγ + c
2
w − s2w
swcw
cZγ ,
c˜Zγ =
swcw
c2w − s2w
(c˜ZZ − c˜γγ) → c˜ZZ = c˜γγ + c
2
w − s2w
swcw
c˜Zγ .
(3.3.20)
Hence, Eqs. 3.3.19 are verified, and we removed all the quadratic divergences in U . Reinjecting
these relations into 3.2.13 and 3.2.14 give:
cWW = cγγ +
cw
sw
cZγ and c˜WW = c˜γγ +
cw
sw
c˜Zγ . (3.3.21)
The S parameter can be reexpressed as:
αS = 2s2wc
2
w
Λ2
16π2v2
⎡⎢⎢⎢⎢⎢⎢⎢⎣
c2ZZ − c2γγ − c˜2ZZ + c˜2γγ −
c2w − s2w
swcw
(cZZcZγ + cZγcγγ − c˜ZZ c˜Zγ − c˜Zγ c˜γγ)
+ cV κZZ
(
1 +
s2w
c2w
)
+ 3κZZ
(
cZZ +
cZγ
2
(
3
sw
cw
− cw
sw
))
− 3
2
cγγκZZ
(
1− s
2
w
c2w
)
+
17
6
κ2ZZ
(
1 +
s2w
c2w
)
⎤⎥⎥⎥⎥⎥⎥⎥⎦
+O
(
ln Λ˜2
)
.
(3.3.22)
All the power divergences in S disappear without fine-tuning between the CP-even and CP-
odd parts if the following relations are satisfied:
c2ZZ = c
2
γγ +
c2w − s2w
swcw
(cZZcZγ + cZγcγγ) ,
c˜2ZZ = c˜
2
γγ +
c2w − s2w
swcw
(c˜ZZ c˜Zγ + c˜Zγ c˜γγ) .
(3.3.23)
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However these equations are precisely 3.3.20, multiplied by cZZ+cγγ or c˜ZZ+ c˜γγ respectively.
Therefore the first line in αS cancels and only a quadratic divergence proportional to κZZ
remains. The only way to remove it is to put κZZ = 0. Another alternative would be to keep
only the ci and c˜i terms by taking3 κZZ = 0 right from the beginning, so that all of the κi = 0.
Doing so we retrieve the same constraints as before.
Only pure logarithmic divergences therefore remain in the Peskin-Takeuchi parameters
(see Appendix A.1.2 for details) by using these relations, summarised here:
κi = 0 , (3.3.24)
cZ = cW ≡ cV , (3.3.25)
cWW = cγγ +
cw
sw
cZγ and similarly for c˜WW , (3.3.26)
cZZ = cγγ +
c2w − s2w
swcw
cZγ = cWW − sw
cw
cZγ and similarly for c˜ZZ . (3.3.27)
Those relations can be seen as extended custodial relations that link the parameters of the
effective Lagrangian 3.2.10, and they are equivalent to the following constraints on the SILH
Lagrangian parameters:
(3.3.24) → c¯HB + c¯B = 0 = c¯HW + c¯W , (3.3.28)
(3.3.25) → c¯T = 0 , (3.3.29)
(3.3.26) or (3.3.27) → c¯HW + c¯HB = 0 = c˜HW + c˜HB , (3.3.30)
leading in particular to:
c¯HW = −c¯W = −c¯HB = c¯B or: c¯B + c¯W = 0 . (3.3.31)
Together with 3.3.29 and the tree-level relation 3.3.10, this means that the theory only gen-
erates oblique corrections starting at one-loop but not at tree-level, and our guess from the
previous subsection is justified.
Summarising, after imposing electroweak constraints, the effective Higgs Lagrangian 3.2.10
depends on 7 independent parameters in the CP-even sector:
cV , cu, cd, cl, cγγ , cZγ , cgg (3.3.32)
and 6 independent parameters in the CP-odd sector:
c˜u, c˜d, c˜l, c˜γγ , c˜Zγ , c˜gg (3.3.33)
and the tree-level SM Higgs Lagrangian is retrieved when cV = cf=u,d,l = 1, cgg = cγγ =
cZγ = 0 and all the c˜ij = 0, while the cij are generated only at loop-level.
3This can be motivated by computing the W -parameter, introduced by Barbieri, Pomarol, Rattazzi and
Strumia [71]. Its quadratic divergence is proportional to κ2WW ≡ κ2ZZ . Requiring its vanishing implies κi = 0.
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3.4 Comparison of the theory with experimental data
The LHC experiments usually provide measurements of the relative Higgs decay rates (signal
strengths) in various channels, defined as: µˆY HXX =
σY H
σSMYH
Br(h→XX)
Br(h→XX)SM . The relative branching
fraction reads: Br(h→XX)Br(h→XX)SM =
ΓXX
ΓXX,SM
Γtot,SM
Γtot
, where Γtot is the sum of all the partial widths.
The efficiencies of analysis cuts applied on final states are absorbed into the definition of the
cross-sections. An effect of the effective operators is that both Higgs decay rates and produc-
tion cross-sections in those channels are shifted from their SM values. Hence the parameters
of the effective Lagrangian can be constrained by comparing the theoretical rates from the SM
with the measured ones. In the following we summarise how they depend on the parameters
of the effective Lagrangian. We do not consider any contributions to the Higgs width other
than Higgs decays into SM particles. For each fit performed: Fit-1 (April 2014) and Fit-2
(November 2015), the different numerical values are specified.
Fit-1 (April 2014)
For the first fit we used the following values for the SM constants (from PDG 2012 [73]) known
at that time:
GF = 1.166 37× 10−5GeV−2, αEW (mZ) = 7.8186× 10−3, αS(mZ) =4 0.1184,
mZ = 91.1876GeV, mh = 125.6GeV.
(3.4.1)
Fit-2 (November 2015)
For the second fit the following values for the SM constants (running couplings and masses;
from PDG 2015 [74]) are used:
GF = 1.166 37× 10−5GeV−2, α−1EW (mZ) = 128.462, αS(mZ ;mh) =4 (0.1184; 0.1122),
(gL(mZ ;mh) = (0.657 448; 0.643 133), gY (mZ ;mh) = (0.341 167; 0.357 943)) ,
mZ = 91.1875GeV, mW = 80.385GeV,
mh = 125.09GeV, mc(mc;mh) = (1.29; 0.615 93)GeV,
mb(mb;mh) = (4.6; 2.7636)GeV, mt(mh;mt) = (169.16; 173.2)GeV,
Γt = 1.5083GeV, ΓZ = 2.4952GeV, ΓW = 2.085GeV, Γh = 4.154MeV.
(3.4.2)
4World’s average of αS in 2012, see [75].
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3.4.1 Relative decay widths
The on-shell decay rate of the Higgs boson into a (charged) fermion f and its antifermion, at
tree-level, can be written as:(
Γ
ΓSM
)
h→ff
= |cf |2 + |c˜f |2 m
2
h
m2h − 4m2f
≃ |cf |2 + |c˜f |2 if f ̸= top quark. (3.4.3)
The decay rate of the Higgs into two vector bosons V1 and V2, where (V1, V2) = (g, g), (γ, γ) or (Z, γ),
is generated starting one-loop level in the SM and receives a tree-level contribution from the
corresponding effective coupling. It can be written as:
(
Γ
ΓSM
)
h→V1V2
≃
⏐⏐cˆV1V2⏐⏐2 + ⏐⏐⏐ˆ˜cV1V2⏐⏐⏐2⏐⏐ ˆcV1V2,SM ⏐⏐2 . (3.4.4)
The hatted quantities are effective CP-even and CP-odd “bookkeeping” Higgs couplings to
V1 and V2 which include two types of contributions that enter the decay amplitude at the
same order in the effective theory: the tree-level contributions proportional to the effective
couplings cij of the NLO Lagrangian, and the one-loop quantum corrections, proportional
to the effective couplings ci, c˜i of the LO Lagrangian (which also include SM corrections).
The hatted quantity noted “SM” is the value of the corresponding hatted effective coupling
when using SM values for the ci couplings. For our level of precision, we can safely stop the
expansion of the relative decay widths (and the relative cross-sections, see after) at NLO,
because of the following reason: for h→ γγ and h→ Zγ, the NLO corrections arise in QED
only and are of order 0.2%, and for h → gg, even if QCD N2+LO corrections are sizeable,
they almost cancel in the relative signal strengths and leave only a ≈ 2% correction [76].
We have implemented this effective model5 with FeynRules 2.1 [78, 79] and we used
FeynArts 3.9 [80] and FormCalc 8.4 [81, 82] to generate and numerically evaluate6 the
relative decay widths. We obtain:
Using the SM constants values for Fit-1:
• V1 = V2 = g:
cˆgg ≃ cgg + 10−21.298ct − 10−3(0.765− 1.077 i)cb ,ˆ˜cgg ≃ c˜gg − 10−21.975c˜t + 10−3(0.875− 1.084 i)c˜b ,⏐⏐cˆgg,SM ⏐⏐ ≃ 0.0123 ,
(3.4.5)
5During the completion of this work, [77] appeared where the complete SILH Lagrangian was implemented
as a full FeynRulesmodel. Our goal was simpler and we only implemented the needed operators after expansion
in the mass basis.
6When Fit-1 was in preparation, we used instead the packages FeynRules 1.8 [78], FeynArts 3.8 [80] and
FormCalc 8.2 [81], since they were the ones available at that time. We updated them after, before doing the
second fit.
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which gives also the relative production cross-section via gluon-fusion σgghσggh,SM .
• V1 = V2 = γ:
cˆγγ ≃ cγγ + 10−2(1.050cV − 0.231ct) + 10−5(3.399− 4.786 i)cb + 10−5(2.934− 2.674 i)cτ ,ˆ˜cγγ ≃ c˜γγ + 10−33.509c˜t − 10−5(3.887− 4.813 i)c˜b − 10−5(3.136− 2.676 i)c˜τ ,⏐⏐cˆγγ,SM ⏐⏐ ≃ 0.0083 .
(3.4.6)
• V1 = Z, V2 = γ:
cˆZγ ≃ cZγ + 10−2(1.507cV − 0.0784ct) + 10−5(2.063− 1.210 i)cb + 10−7(3.570− 1.535 i)cτ ,ˆ˜cZγ ≃ c˜Zγ + 10−31.190c˜t − 10−5(2.414− 1.213 i)c˜b − 10−7(4.008− 1.536 i)c˜τ ,⏐⏐cˆZγ,SM ⏐⏐ ≃ 0.0143 .
(3.4.7)
Using the SM constants values for Fit-2:
• V1 = V2 = g:
cˆgg ≃ cgg + 10−21.226ct − 10−4(3.868− 4.175 i)cb ,ˆ˜cgg ≃ c˜gg − 10−21.868c˜t + 10−4(4.225− 4.183 i)c˜b ,⏐⏐cˆgg,SM ⏐⏐ ≃ 0.0119 ,
(3.4.8)
which gives also the relative production cross-section via gluon-fusion σgghσggh,SM .
• V1 = V2 = γ:
cˆγγ ≃ cγγ + 10−2(1.032cV − 0.227ct) + 10−5(1.790− 1.932 i)cb + 10−5(2.954− 2.684 i)cτ ,ˆ˜cγγ ≃ c˜γγ + 10−33.458c˜t − 10−5(1.955− 1.935 i)c˜b − 10−5(3.157− 2.686 i)c˜τ ,⏐⏐cˆγγ,SM ⏐⏐ ≃ 0.0081 .
(3.4.9)
• V1 = Z, V2 = γ:
cˆZγ ≃ cZγ + 10−2(1.472cV − 0.0763ct) + 10−6(8.452− 4.136 i)cb + 10−7(3.144− 1.350 i)cτ ,ˆ˜cZγ ≃ c˜Zγ + 10−31.158c˜t − 10−6(9.641− 4.140 i)c˜b − 10−7(3.530− 1.351 i)c˜τ ,⏐⏐cˆZγ,SM ⏐⏐ ≃ 0.0140 .
(3.4.10)
At tree-level, the Higgs boson decays also into ZZ∗ or WW ∗, subsequently decaying into
leptons. The corresponding relative decay widths were computed with MadGraph 5 [83, 84],
using the output in the UFO format [85] generated from our FeynRules model. The effects of
one-loop corrections were implemented in MadGraph computations by using the hatted effective
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couplings. We then build an interpolating polynomial to fit the computed decay widths in the
domain of interest. For this purpose we use the extended-custodial relations 3.3.25, 3.3.26
and 3.3.27 to write the expressions in terms of the CP-even variables cV , cγγ , cZγ and the
corresponding CP-odd ones and express the polynomial in those variables such that it takes
the form given in Eq. 3.4.15. The numerical decay widths are computed by varying the values
of the ci and c˜i couplings and are fitted to the polynomial. We obtain the following numerical
estimations:
Using the SM constants values for Fit-1:
No cut was chosen in this case (fully inclusive).(
Γ
ΓSM
)
ZZ∗→4l
≃ c2V + 0.022c2γγ + 0.035c2Zγ + 0.253cV cγγ + 0.316cV cZγ + 0.056cγγcZγ
+ 0.009c˜2γγ + 0.014c˜
2
Zγ + 0.023c˜γγ c˜Zγ , (3.4.11)(
Γ
ΓSM
)
WW ∗→2l2ν
≃ c2V + 0.051c2γγ + 0.166c2Zγ + 0.380cV cγγ + 0.687cV cZγ + 0.184cγγcZγ
+ 0.021c˜2γγ + 0.069c˜
2
Zγ + 0.076c˜γγ c˜Zγ . (3.4.12)
Using the SM constants values for Fit-2:
We imposed there the following cut selection: mℓℓ > 4GeV on the invariant mass of each pair
of charged leptons produced by the decay of the Z or from the W ’s.(
Γ
ΓSM
)
ZZ∗→4ℓ
≃ c2V + 0.0507c2γγ + 0.0780c2Zγ + 0.4404cV cγγ + 0.5462cV cZγ + 0.1258cγγcZγ
+ 0.0116c˜2γγ + 0.0178c˜
2
Zγ + 0.0288c˜γγ c˜Zγ , (3.4.13)(
Γ
ΓSM
)
WW ∗→2ℓ2ν
≃ c2V + 0.0811c2γγ + 0.2619c2Zγ + 0.5507cV cγγ + 0.9896cV cZγ + 0.2914cγγcZγ
+ 0.0207c˜2γγ + 0.0668c˜
2
Zγ + 0.0743c˜γγ c˜Zγ . (3.4.14)
Changing this choice of cut to mℓℓ > 12GeV, only changes the numerical factors at the level
of 10−3.
3.4.2 Relative production cross-sections
For gluon-fusion production mode, the expression of the relative production cross-section
σggh
σggh,SM
is taken to be the same as the one of the decay rate via gluon-fusion, Eqs. 3.4.5
and 3.4.8.
In the case of the following production modes: “Vector boson fusion” (VBF, via the process
qq → hqq with exchange of W or Z bosons), or “Vector boson associated production” (VH,
via the process qq¯ → hV , where V = W,Z), we simulated the production of Higgs via pp
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collisions at
√
s = 8TeV with MadGraph using the NNPDF23LO1 PDF set [86]; then the same
procedure as for the relative widths 3.4.11, 3.4.13, 3.4.12 and 3.4.14 was used: after variation
of the effective couplings the relative cross-sections was fitted with a polynomial of the form:(
σ
σSM
)
≃ c2V +α1c2γγ +α2c2Zγ +α3cV cγγ +α4cV cZγ +α5cγγcZγ +β1c˜2γγ +β2c˜2Zγ +β3c˜γγ c˜Zγ .
(3.4.15)
As mentioned before, we absorb the cuts efficiencies into the cross-sections. This means
that the expressions for the relative cross-sections are really σ·ϵσSM ·ϵSM , where ϵ and ϵSM are
the cuts efficiencies for (SM+BSM) and (SM) only. It is usually assumed that ϵ = ϵSM , which
is true if BSM Higgs couplings are proportional to SM Higgs couplings, but generally it is
not when BSM physics introduces new tensor structures in the couplings, and this is what
happens in our case when taking into account the Higgs couplings to field-strength tensors,
and the presence of CP-odd couplings [87]. Therefore the coefficients αi and βi of Eq. 3.4.15
depend on the sets of cuts on the kinematics of the final-state jets chosen to perform the
analysis/selection.
Values for Fit-1:
• Vector boson fusion (VBF): For illustration purposes we show few simple cuts on the
emitted jets chosen by the ATLAS and CMS experiments in their analyses in Table 3.1.
The corresponding estimated values of the coefficients are given in Table 3.2. We notice
that using different cuts modify the coefficients at the 10% level. In the global fits we
used the “ATLAS” and the “CMS-2 (Optimal VBF)” cuts (in pink in the tables) for
fitting ATLAS and CMS data respectively.
Table 3.1 – VBF cuts on the emitted jets from the ATLAS and CMS experiments (in
pink: chosen cuts). The parameters are the transverse momentum pT , pseudo-rapidity |η|,
invariant mass mjj , and separation parameters |∆ηjj | and ∆Rjj .
Cut pT (GeV) |η| mjj (GeV) |∆ηjj | ∆Rjj Ref.
ATLAS ≥ 25 ≤ 2.4 ≥ 500 ≥ 2.8 ≥ 0.4 [88]
≥ 30 2.4 ≤ · · · ≤ 4.5
CMS-1 ≥ 30 ≤ 4.7 ≥ 500 ≥ 3.5 ≥ 0.5 [89]
CMS-2a ≥ 30 ≤ 4.7 ≥ 650 ≥ 3.5 ≥ 0.5 [90]
CMS-3ab ≥ 30 ≤ 4.7 ≥ 300 ≥ 3.0 ≥ 0.5 [90]
CMS-3bc ≥ 30 ≤ 4.7 ≥ 500 ≥ 4.0 ≥ 0.5 [90]
a “Optimal VBF”. b “VBF loose”, 8TeV only. c “VBF tight” for 8TeV.
• Vector boson associated production (VH): We use the set of cuts featured in [91, 92]:
pTH ≥ 200GeV and pTW/Z ≥ 190GeV (“boosted” Higgs).(
σ
σSM
)
hW
≃ c2V + 24.481c2γγ + 79.810c2Zγ − 4.610cV cγγ − 8.324cV cZγ + 88.405cγγcZγ
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Table 3.2 – Table of coefficients αi and βi for the VBF relative cross-section. For each
coefficient, two values are given, the first one corresponds to a fit where cross-terms
cWW cZZ/γγ/Zγ (and c˜WW c˜ZZ/γγ/Zγ) were kept, whereas the parenthesized one corresponds
to a fit where those cross-terms were removed, because they are approximately two order
of magnitude less (in pink: chosen cuts).
Cut α1 α2 α3 α4 α5 β1 β2 β3
ATLAS 1.483
(1.490)
3.065
(3.086)
0.327
(0.328)
0.569
(0.570)
3.329
(3.352)
1.367
(1.370)
2.765
(2.777)
3.004
(3.017)
CMS-1 1.188
(1.190)
2.177
(2.186)
0.248
(0.248)
0.426
(0.427)
2.379
(2.389)
1.123
(1.125)
2.022
(2.033)
2.213
(2.223)
CMS-2 1.281
(1.284)
2.419
(2.429)
0.270
(0.270)
0.465
(0.466)
2.635
(2.645)
1.210
(1.212)
2.243
(2.255)
2.451
(2.460)
CMS-3a 1.272
(1.276)
2.459
(2.474)
0.274
(0.274)
0.472
(0.473)
2.684
(2.700)
1.191
(1.193)
2.258
(2.268)
2.469
(2.477)
CMS-3b 1.010
(1.011)
1.629
(1.634)
0.193
(0.193)
0.327
(0.327)
1.798
(1.804)
0.969
(0.972)
1.533
(1.546)
1.696
(1.710)
+ 22.430c˜2γγ + 73.122c˜
2
Zγ + 80.997c˜γγ c˜Zγ , (3.4.16)(
σ
σSM
)
hZ
≃ c2V + 18.992c2γγ + 57.969c2Zγ − 4.460cV cγγ − 6.708cV cZγ + 59.580cγγcZγ
+ 16.546c˜2γγ + 50.645c˜
2
Zγ + 51.865c˜γγ c˜Zγ . (3.4.17)
Values for Fit-2:
• Vector boson fusion (VBF): We choose a common cut setting on the emitted jets for both
ATLAS and CMS: invariant mass mjj > 250GeV, pseudo-rapidity η < 5, transverse
momentum pT > 20GeV, which is enough relaxed to be able to cover both ATLAS and
CMS choices. A cross-check was done to verify that the coefficients were consistent with
the ones obtained by using dedicated ATLAS or CMS cuts; they are modified at most
up to 20% level.(
σ
σSM
)
V BF
≃ c2V + 1.816c2γγ + 3.796c2Zγ + 0.351cV cγγ + 0.623cV cZγ + 4.140cγγcZγ
+ 1.555c˜2γγ + 3.073c˜
2
Zγ + 3.356c˜γγ c˜Zγ .
(3.4.18)
• Vector boson associated production (VH): By using an inclusive cut, we get:(
σ
σSM
)
hW
≃ c2V + 5.284c2γγ + 17.058c2Zγ − 3.597cV cγγ − 6.463cV cZγ + 18.987cγγcZγ
+ 3.229c˜2γγ + 10.439c˜
2
Zγ + 11.611c˜γγ c˜Zγ , (3.4.19)(
σ
σSM
)
hZ
≃ c2V + 4.197c2γγ + 12.100c2Zγ − 3.324cV cγγ − 5.079cV cZγ + 12.897cγγcZγ
+ 2.374c˜2γγ + 6.937c˜
2
Zγ + 7.317c˜γγ c˜Zγ . (3.4.20)
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In particular for ZH production, we allow the presence of a γ in s–channel, due to the
existence of the effective h− Z − γ vertex.
3.5 Experimental data used in Fit-1
The global Fit-1 was performed against the latest LHC results from the ATLAS and CMS
experiments as provided in April 2014. They are summarised in Table 3.3. For most of the
decay channels where only the 95% CL limits are quoted by the experiments, we reconstruct
µˆ assuming Gaussian errors. There are also decay channels for which the experiments give
the full 2-dimensional (2D) likelihood functions defined in the µˆggH+ttH–µˆV BF+V H plane: we
use them because they encode the non-trivial correlations between the rates measured for the
ggH/ttH or V BF/V H production modes. The quoted value of µˆ in the table, obtained after
a basic recombination of µˆggH+ttH and µˆV BF+V H , is then provided for illustration purposes
only. However, it happens sometimes that only the 95% CL or 68% CL contours of the
2D likelihoods are given for these channels. In this case, we reconstruct an approximate
2D likelihood function in the whole µˆggH+ttH–µˆV BF+V H plane, following the construction
described in Appendix A.2, such that correlations between those rates are taken into account.
Table 3.3 – The LHC Higgs rates included in the Fit-1. The “2D” production holds for
ggH+ttH and VBF+VH production modes.
ATLAS
Production Decay µˆ Ref.
2D γγ 1.55+0.33−0.29 [93, 94]
ZZ 1.41+0.42−0.33 [93, 95]
WW 0.98+0.33−0.26 [93, 96]
ττ 1.36+0.43−0.38 [97]
VH bb 0.2+0.7−0.6 [98]
ttH bb 1.7± 1.4 [99]
γγ −1.39± 3.18 [100]
inclusive Zγ 2.18± 4.57 [101]
µµ 1.75± 4.26 [102]
CMS
Production Decay µˆ Ref.
2D γγ 0.77+0.29−0.26 [103]
ZZ 0.92+0.25−0.22 [104]
WW 0.72+0.20−0.18 [105]
ττ 0.97+0.27−0.25 [106]
VH bb 1.0± 0.5 [107]
VBF bb 0.7± 1.4 [108]
ttH bb 1.0+1.9−2.0
γγ −0.2+2.4−1.9 [109]
ττ −1.4+6.3−5.5
multi-ℓ 3.7+1.6−1.4 [110]
inclusive Zγ −0.21± 4.86 [111]
µµ 2.9+2.8−2.7 [90]
The following combined Tevatron measurements [112] were also used: µˆincl.γγ = 6.2
+3.2
−3.2,
µˆincl.WW = 0.9
+0.9
−0.8, µˆ
V H
bb = 1.62
+0.77
−0.77, µˆ
incl.
ττ = 2.1
+2.2
−2.0. In addition, we use electroweak precision
measurements from LEP, SLC and Tevatron, which are collected and can be found in Table 1
of Falkowski et al. [63]. Higgs loops introduce logarithmically divergent corrections, function
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of a cut-off scale, to the electroweak precision observables; they should therefore be evaluated
with an explicit value of the cut-off: we assume ΛNP = 3 TeV.
3.6 Experimental data used in Fit-2
In the global Fit-2 we include the latest Run-I LHC results from the ATLAS and CMS
experiments, summarised in Table 3.4. In the case of the Zγ decay channel where CMS
provides only 95% CL limits, we reconstruct its µˆ assuming Gaussian errors. As in the case of
Fit-1, for some decay channels, the experiments provide the full 2-dimensional (2D) likelihood
functions defined in the µˆggH+ttH–µˆV BF+V H plane; we use them because they encode the
non-trivial correlations between the rates measured for the ggH/ttH or VBF/VH production
modes. In this case we provide for illustration purposes only a value of µˆ obtained after a
basic recombination of µˆggH+ttH and µˆV BF+V H . When only 95% CL or 68% CL contours of
the 2D likelihoods are given for these channels, we reconstruct an approximate 2D likelihood
function in the whole µˆggH+ttH–µˆV BF+V H plane in a simpler approach than in Fit-1, by
using a quadratic likelihood polynomial in those two variables, built such that its section
corresponding to 95% CL is an ellipsis that fits the contour.
In addition to LHC data we use the same electroweak precision measurements from LEP,
SLC and Tevatron as in Fit-1. The same cut-off scale ΛNP = 3 TeV is assumed to evaluate
the logarithmically divergent corrections from the Higgs loops to the electroweak precision
observables.
3.7 Global fit method
We use the previous definitions for building the theoretical expressions of the signal strengths
µˆth for different channels, which depend on the effective couplings ci and c˜i. For the decay
channels where we only know each signal strength µˆexp ± δµ separately, we assume the er-
rors to be Gaussian and uncorrelated and we define a 1-dimensional chi-squared function:
χ21D(µˆ
th, µˆexp ± δµ) =
(
µˆth−µˆexp
δµ
)2
. For other channels where we know the correlations be-
tween the rates for ggH/ttH or VBF/VH production modes, we use the experimental 2D
likelihood functions χ22D. In both fits we use the same electroweak precision data, which cor-
relations are known and enter into the fit via the chi-squared function χ2EWPT [63, 125]. The
fitting procedure then consists in minimizing the following χ2-function:
χ2({ci, c˜i}) = χ2EWPT ({ci})+
∑
χ21D(µˆ
th, µˆexp±δµ)+
∑
χ22D(µˆ
th
ggH+ttH , µˆ
th
V BF+V H)+χ
2
λ(λ±δλ) .
68 CHAPTER 3. EXPERIMENTAL CONSTRAINTS ON SOME CP-EVEN AND . . .
Table 3.4 – The LHC Higgs rates included in the Fit-2. The “2D” production holds for
ggH+ttH and VBF+VH production modes, whose likelihood functions are defined in the
plane µggh+tth-µVBF+Vh. For the diphoton channel (cats.) we use the five-dimensional
likelihood function in the space spanned by (µggh, µtth, µVBF, µWh, µZh). For these two
cases µ is quoted for illustration only. Correlations amongst different production classes in
this table are ignored.
Channel µATLAS µCMS µComb Production Ref.
γγ 1.17+0.28−0.26 1.12
+0.25
−0.22 - cats. [113]
Zγ 2.7+4.5−4.3 −0.2+4.9−4.9 - total [114, 111]
ZZ∗ 1.46+0.40−0.34 1.00
+0.29
−0.29 1.31
+0.27
−0.14 2D [115, 41, 116]
WW ∗ 1.18+0.24−0.21 0.83
+0.21
−0.21 1.11
+0.18
−0.17 2D [117, 41, 116]
2.1+1.9−1.6 - - Wh [118]
5.1+4.3−3.1 - - Zh [118]
- 0.80+1.09−0.93 - Vh [41]
ττ 1.44+0.42−0.37 0.91
+0.28
−0.28 1.12
+0.25
−0.23 2D [119, 41, 116]
- 0.87+1.00−0.88 - Vh [41]
bb 1.11+0.65−0.61 - - Wh [120]
0.05+0.52−0.49 - - Zh [120]
- 0.89+0.47−0.44 - Vh [41]
- 2.8+1.6−1.4 - VBF [121]
1.5+1.1−1.1 1.2
+1.6
−1.5 - tth [122]
µµ −0.7+3.7−3.7 0.8+3.5−3.4 - total [114, 123]
multi-ℓ 2.1+1.4−1.2 3.8
+1.4
−1.4 - tth [124]
In the Gaussian approximation the χ2EWPT function can be approximated around its best-fit
point (c0V , c
0
γγ , c
0
Zγ) by the following quadratic form:
χ2EWPT ({ci}) = 193.005 +
∑
i,j=V,γγ,Zγ
(ci − c0i )(σ2)−1ij (cj − c0j ) , where: (σ2)ij = σiρijσj ,
(3.7.1)
its minimum point with the corresponding 1σ deviations σi for each component {cV , cγγ , cZγ},
and the correlation matrix, being:
c0V = 1.082± 0.066
c0γγ = 0.096± 0.653
c0Zγ = −0.036± 0.915
; ρ =
⎛⎜⎝ 1 0.275 −0.1380.275 1 −0.989
−0.138 −0.989 1
⎞⎟⎠ . (3.7.2)
We also incorporate in both fits the large uncertainty on the prediction of the SM ggH
production cross-section by introducing a nuisance parameter λ with a Gaussian distribution
around the central value, via the χ2λ term: for the LHC at
√
s = 8 TeV we take [92] the scale
error: (+7.2%, −7.8%) and the PDF error: (+7.5%, −6.9%) and add those two linearly. The
treatment of such theoretical uncertainties in Higgs fits is extensively reviewed in [126].
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3.8 Results for Fit-1
3.8.1 Fit over the CP-even Parameters
The 7 CP-even parameters (Eq. 3.3.32) are fitted to the available Higgs and electroweak
precision data, while fixing the CP-odd ones to zero. We find the following central values and
68% CL intervals for the parameters:
cV = 1.04± 0.03, cu = 1.31+0.10−0.34, cd = 0.92+0.22−0.13, cl = 1.09+0.13−0.11,
cgg = −0.0016+0.0021−0.0022, cγγ = 0.0009+0.0008−0.0010, cZγ = −0.0006+0.0183−0.0240.
(3.8.1)
with a ∆χ2 = χ2SM−χ2min = 5.3, which means that the SM gives a perfect fit to the Higgs and
electroweak precision data. When quoting the confidence regions above we ignored degenerate
minima of the likelihood function isolated from the SM point where a large 2-derivative Higgs
coupling conspires with the SM loop contributions to produce a small shift of the Higgs
observables. Remarkably, the current data already put meaningful limits on all 7 parameters.
The strong constraint on cV is dominated by electroweak precision data, and ignoring them
in the fit weakens the constraint, and one obtains cV = 1.05+0.08−0.10. It can also be relaxed in the
presence of additional tuned contributions to the S and T parameters that could arise from
integrating out heavy new physics states.
The fit features an approximately flat region along the line: cgg+0.012(cu− 1) = 0, which
is the combination that sets the strength of the gluon fusion production mode. This is clearly
visible in Fig. 3.2 where a 2D fit in the cu–cgg plane is performed, whereas the other couplings
are fixed to their SM values. This flat region is lifted by the ttH production mode which
depends on cu only. The recent ATLAS [99] and CMS [109] results in the ttH channel add
interesting constraints on cu independently of cgg: they shift the preferred values towards the
SM one, as shown in Fig. 3.2a and 3.2b: the 68% and 95% CL regions move towards the right
and the best-fit point moves closer to the SM point. The fit shows also a strong preference
for cd ̸= 0 even though the h → bb¯ decay has not been clearly observed. The reason is that
cd determines Γbb which dominates the total Higgs decay width and the latter is indirectly
constrained by the Higgs rates measured in other decay channels.
The least stringent constraint is currently the one on cZγ which reflects weak experimental
limits on the h→ Zγ decay rate. There are good prospects [127] of probing cZγ , and also cγγ ,
using differential cross-section measurements in the “Golden Channel” h→ 4ℓ.
3.8.2 Fit over the CP-odd Parameters
We move towards an attempt to constrain some of the CP-odd parameters (Eq. 3.3.33) of the
effective Lagrangian. We make the same assumptions about data errors as in the case of the
CP-even fit and we continue to take into account the large uncertainty in the prediction of the
SM ggH production cross-section. The CP-even parameters are fixed to their SM value and
we fit the CP-odd ones. The following central values and 68% CL intervals for the parameters
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Figure 3.2 – Fit-1: A fit in the cu–cgg plane with the other couplings fixed at their
Standard Model values, without (Left) and with (Right) ATLAS+CMS ttH data. Dark
green: 68% CL; light green: 95% CL. See details in the text. Since we fixed here as an
illustration all the other couplings to their SM values, contrary to what was done in the
global fit, we obtain slightly different best-fit points: a (cu < 1; cgg > 0) point is preferred
whereas in the global fit (cu > 1; cgg < 0) is preferred.
are obtained:
c˜u = ±(0.87+0.33−2.08), c˜d = −0.0035+0.4608−0.4581, c˜l = ±(0.37+0.25−0.99),
c˜gg = 0.0004
+0.0038
−0.0040, c˜γγ = ±(0.0033+0.0017−0.0028), c˜Zγ = 0.0075+0.0200−0.0345.
(3.8.2)
with a ∆χ2 = 1.1. We note that if the CP-odd Higgs-gauge couplings are meaningfully
constrained by current data (yet the coupling to γγ is found to have a sign degeneracy), the
up-type and leptonic couplings are not constrained by their sign (see also Figs. 3.3 and 3.4).
This is due to the fact that the Higgs rate measurements from the LHC actually constrain the
sum of the squares of the CP-even and CP-odd couplings (see Section 3.4.1), as was already
expected by other studies.
3.9 Results for Fit-2
3.9.1 Fit over the CP-even Parameters
The 7 CP-even parameters (Eq. 3.3.32) are fitted to the available Higgs and electroweak
precision data, while fixing the CP-odd ones to zero. The central values and 68% CL intervals
for the parameters are summarised in Table 3.5.
We find a ∆χ2 = χ2SM − χ2min = 10.2, meaning that the SM gives a correct fit to the
Higgs and electroweak precision data. When quoting the confidence regions above we ignored
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Figure 3.3 – Fit-1: A fit in the cu–c˜u plane with the other couplings fixed to their Stan-
dard Model values, without (Left) and with (Right) ATLAS+CMS ttH data. Dark green:
68% CL; light green: 95% CL. See details in the text. Since we fixed here as an illustration
all the other couplings to their SM values, contrary to what was done in the global fit, we
obtain smaller preferred regions with different best-fit points.
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Figure 3.4 – Fit-1: Fits in the cd–c˜d plane (Left), and in the cl–c˜l plane (Right). Current
Higgs signal rates do not significantly constrain the signs of the couplings and therefore
other types of studies need to be done. The displayed best-fit points are found for a fit
around the SM values.
the degenerate minima of the likelihood function isolated from the SM point where a large
2-derivative Higgs coupling conspires with the SM loop contributions to produce a small shift
of the Higgs observables. The current data already put meaningful limits on all 7 parameters.
The strong constraint on cV is dominated by electroweak precision data, and ignoring them
in the fit weakens the constraint, and one obtains cV = 0.967+0.088−0.105. It can also be relaxed in
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Table 3.5 – Fit-2 results for CP-even parameters, given as central values with 1σ CLs,
obtained in Gaussian approximation (left) and after marginalization over the remaining
parameters (right). Correlation matrix for the Gaussian approximation.
Gaussian Marginalized
cV 1.034± 0.023 1.034+0.023−0.030
cu 1.467± 0.203 1.467+0.179−0.120
cd 0.811± 0.136 0.961+0.144−0.158
cl 0.941± 0.129 0.944+0.132−0.133
cgg −0.0063± 0.0025 −0.0062+0.0023−0.0026
cγγ 0.0007± 0.0009 −0.0003± 0.0004
cZγ 0.004± 0.015 0.004+0.013−0.040
ρ =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 0.05 0.25 0.13 −0.03 −0.05 0.32
1 0.15 0.03 −0.86 0.46 −0.02
1 0.48 0.23 0.42 0.07
1 0.14 0.26 0.14
1 −0.36 −0.01
1 0.08
1
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
. (3.9.1)
the presence of additional tuned contributions to the S and T parameters that could arise
from integrating out heavy new physics states.
The fit features an approximately flat correlation region for the cgg and cu couplings,
corresponding to the combination that sets the strength of the gluon fusion production mode.
This is clearly visible in Fig. 3.5a where a 2D fit in the cu–cgg plane is performed, whereas the
other couplings are set to their best-fit central values. The results [122, 124] of ATLAS and
CMS in the ttH production channel, which depend on cu only, provide interesting constraints
on cu independently of cgg. The fit shows also a strong preference for cd ̸= 0 even though
the h → bb¯ decay has not been clearly observed. The reason is that cd determines Γbb which
dominates the total Higgs decay width and the latter is indirectly constrained by the Higgs
rates measured in other decay channels.
Concerning loop-generated effective couplings, the least stringent constraint is currently
the one on cZγ which reflects the weak experimental limits on the h → Zγ decay rate.
There are good prospects [127] of probing cZγ , as well as cγγ , using differential cross-section
measurements in the “Golden Channel” h→ 4ℓ.
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Figure 3.5 – Fit-2: (Left) Fit in the cu–cgg plane with the other couplings set to their
best-fit central values. (Right) Fit in the c˜u–c˜gg plane with the other couplings set to their
best-fit central values. Dark green: 68% CL; light green: 95% CL. See details in the text.
3.9.2 Global fit over the CP-even and CP-odd Parameters
In this section both CP-even and CP-odd parameters (Eq. 3.3.33) are fitted together. We
make the same assumptions about data errors as in the case of the CP-even fit and we
continue to take into account the large uncertainty in the prediction of the SM ggH production
cross-section. The central values and 68% CL intervals for the parameters are summarised in
Table 3.6.
A value of ∆χ2 = χ2SM − χ2min = 4.02 is obtained. We note that while the CP-odd Higgs-
gauge couplings are globally constrained by current data, the CP-odd fermionic (up/down-
type and leptonic) couplings have large 1σ errors, meaning their sign is not constrained (see
also Figs. 3.6 and 3.7). This is due to the fact that the Higgs rate measurements from the
LHC mostly constrain the sum of the squares of the CP-even and CP-odd couplings (see
Section 3.4.1) in the fermionic sector.
As in the CP-even case, this fit also features a flat correlation region for the c˜gg and c˜u
couplings, see Fig. 3.5b. The CP-even and odd couplings cgg, c˜gg and cu, c˜u are in competition
because their combination sets the strength of the gluon fusion production mode, and cgg and
c˜gg are only constrained by ggH production. We also see that if those couplings are allowed
to float, the fit would prefer an O(1) positive value for c˜u and a non-zero c˜gg, while driving cu
towards larger values, whereas the SM point is still compatible at 68% CL level. In Fig. 3.6
we show the correlation regions of the cu and c˜u couplings when the other couplings are set
to their SM values, and when they are set to their best-fit central values in the Gaussian
approximation, but with both cgg and c˜gg set to zero. Setting cgg and c˜gg to their central
values would move the 68% and 95% CL regions far away from the SM point. The fit appears
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Table 3.6 – Fit-2 results for CP-even and CP-odd parameters, given as central values
with 1σ CLs, obtained in Gaussian approximation (left) and after marginalization over the
remaining parameters (right).
Gaussian Marginalized
CP-even
cV 1.028± 0.024 1.031+0.023−0.024
cu 0.983± 0.395 1.464+0.197−0.172
cd 0.977± 0.200 0.836+0.133−0.122
cl 1.003± 0.149 1.010+0.112−0.116
cgg −0.0184± 0.0075 −0.0015+0.0026−0.0063
cγγ −0.0013± 0.0029 −0.0013+0.0021−0.0040
cZγ 0.0025± 0.0193 0.0025+0.0118−0.0314
CP-odd
c˜u 0.008± 0.354 · · ·
c˜d 0.027± 0.432 −0.003+0.328−0.335
c˜l 0.035± 1.156 0.035+0.483−0.573
c˜gg 0.0105± 0.0045 · · ·
c˜γγ −0.0047± 0.0041 0.0041+0.0055−0.0138
c˜Zγ −0.0027± 0.0670 −0.0027+0.0303−0.0237
to be a bit sensitive to the sign of c˜u when using the best-fit values for the other couplings,
due to loop contributions from h→ γγ and h→ Zγ.
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Figure 3.6 – Fit-2: A fit in the cu–c˜u plane, with the other couplings fixed to their
Standard Model values (Left), or set to their best-fit central values (Right) in the Gaussian
approximation, but with cgg = 0 = c˜gg. Dark green: 68% CL; light green: 95% CL. See
details in the text.
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Figure 3.7 – Fit-2: Fits in the cd–c˜d plane (Left), and in the cl–c˜l plane (Right), with the
other couplings set to their best-fit central values. Current Higgs signal rates do not signif-
icantly constrain the signs of the couplings. The displayed best-fit points are compatible
with the large 1σ errors for the CP-odd couplings found in the global fit.
3.10 Discussion
To break the sign degeneracy of the fermionic CP-odd couplings and improve the precision
on their determination, other types of studies are needed. A first one is to study differential
cross-section measurements, for example in the “Golden Channel” [127], or via jet kinematics
in the VBF [128] or in VH [129] production modes. Alternatively for the up-type coupling,
methods involving mass distributions as well as top-quark polarization and spin correlations
can be done in the tt¯H, tH and t¯H production channels [130]. A second one is to use EDMs
as shown by J.Brod et al. [66]: assuming that the Higgs couples to the first generation of
fermions with SM couplings, constraints on the ci and c˜i couplings can be derived for the top
and bottom quarks and tau lepton by using low-energy bounds on the EDMs of the electron
and the neutron together with existing Higgs production data. It is shown that those limits
can be dramatically enhanced if bounds on EDMs are improved from a factor of 100 to 300,
from |de/e| < 8.7× 10−29 cm to < 10−30 cm for the electron and |dn/e| < 2.9× 10−26 cm to
< 10−28 cm for the neutron, while using 3000 fb−1 of updated Higgs data from the 14TeV
high-luminosity LHC upgrade. With these expected improvements the following prospects are
found: ct = 1.00 ± 0.03 and c˜t = 0.00 ± 2× 10−4 (other couplings fixed to their SM values),
and cb = 1.00 ± 0.08 and c˜b = 0.00 ± 0.02. If the assumption that the Higgs couples to the
first generation with SM couplings is removed, then constraints from the neutron EDM can
be still used, and improving its bounds may still allow to constrain c˜t for the top quark at
the same level as before. We refer to Ref. [66] for an extended discussion. Concerning Higgs
leptonic couplings, electron EDM reduces the possibility for large values of the CP-odd τ
lepton coupling c˜τ , of order 0.01, while keeping a sign degeneracy on its CP-even coupling cτ .
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The constraints on the loop-generated CP-odd effective couplings c˜γγ and c˜Zγ may be
improved [131] by looking for a possible forward-backward asymmetry of charged leptons in
the 3-body decay h→ ℓ−ℓ+γ.
3.11 Summary
In this work we employed an effective theory approach for parameterizing small deviations of
Higgs couplings to matter from their SM prediction, by using a phenomenological Lagrangian.
To derive it we started from the dimension-6 SILH Lagrangian of Giudice et al. [53] written
in the basis employed by Contino et al. [34], where extra custodial relations relate some of the
effective Wilson coefficients together. Since they introduce power divergences in the oblique
parameters at loop-level, we argue that, due to current EW constraints, those divergences
must disappear. Making the hypothesis that there are no accidental cancellations between
operators of different types, namely the CP-even, CP-odd and the κi ones, allows us to obtain
extra constraints on the parameters of the theory that reduce the number of free parameters
of the phenomenological Lagrangian: 7 parameters in the CP-even sector and 6 parameters
in the CP-odd sector of the theory are obtained. They are then fitted to current Higgs data
and electroweak precision measurements.
Using the current LHC Higgs rates we are able to constrain CP-even parameters and some
CP-odd ones. However one should note that, since until now the rate measurements almost
only constrain the sum of the squares of the CP-even and odd couplings of the Higgs boson in
the fermionic sector, they are constrained only via their absolute values and are degenerated
in sign; therefore more elaborate methods are needed to constrain their possible values and
break the sign degeneracies. So far no indication for large deviations from the SM are found in
the fits as all of the fitted parameters are compatible with their SM values withing 68% CL.
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Chapter 4
Exotic Higgs Decays
4.1 Introduction
In this chapter we are interested in the subset of the operators presented in Chapter 2,
Section 2.7, that lead to exotic decays of the 125 GeV Higgs boson. By “exotic” we mean
decays that are forbidden in the SM or predicted to occur with an extremely suppressed
branching fraction. More specifically, we are interested in decays that violate the lepton flavour
or quark flavour. Lepton flavour violating (LFV) processes are completely forbidden in the SM
in the limit of zero neutrino masses. Quark flavour violating (QFV) Higgs decays as a flavour-
changing neutral current process are forbidden in the SM at tree-level. Theoretical studies of
exotic Higgs decays have a long history, see e.g. Refs. [132] and [133] for a review. Most of
these papers assume new light degrees of freedom, in which case the EFT approach described
here is not adequate. One exception are Refs. [134, 135] where the possibility of LFV and QFV
2-body Higgs decays was studied in the EFT framework. Such decays can arise in the presence
of Yukawa-type dimension-6 operators. These papers demonstrated that LFV Higgs decays to
τ±µ∓ and τ±e∓ with the branching fraction as large as 10% are allowed by current indirect
constraints. At the same time, the LHC is currently sensitive to branching fractions of order
1% [136]. This corresponds to probing the scale suppressing the corresponding dimension-6
operators at the level of ΛNP ∼ 10 TeV.
The goal for this chapter is to extend this study to a full set of dimension-6 operators.
Apart from the Yukawa-type operators, exotic Higgs decays can arise in the presence of vertex-
type ∼ H†Hψ¯γµψ and dipole-type ∼ Hψ¯σµνψFµν operators. We systematically discuss these
operators and the new Higgs decay channels that they imply. The structure of the dimension-6
Lagrangian then implies certain relations between these Higgs couplings, as well as relations
between single-Higgs couplings and couplings with no Higgs affecting precision observables.
We give the limits on each of the couplings from precision tests of the SM. That can be
explored to place limits on the allowed magnitude of the Higgs couplings. We will discuss the
maximum exotic Higgs branching fraction that these limits permit.
The chapter is organized as follows. In Section 4.2 we define our notation and introduce
the dimension-6 Lagrangian with LFV and QFV interactions in the Higgs basis. In Section 4.3
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we review and update the results of Refs. [134, 135] concerning two body exotic Higgs decays.
In Section 4.4 we study the possibility of LFV and QFV Higgs decays mediated by vertex-
and dipole-type operators, respectively. Obviously, studying the full parameter space of the
dimension-6 Lagrangian would be an extremely difficult task. To deal with the degeneracies
among the parameters, one simplifying assumption we make throughout this chapter is that
the flavour-diagonal Higgs couplings are not significantly affected by higher-dimensional op-
erators. Furthermore, we will assume that there are no large fine-tuned cancellations between
different parameters so as to satisfy constraints from precision experiments. In such a con-
strained framework, we discuss the limits on the LFV and QFV Higgs couplings from various
precision measurements. Given these constraints, we discuss the implications for the rate of
exotic Higgs decays at the LHC.
4.2 Exotic Higgs couplings from dimension-6 Lagrangian
In this section we remind the notations used for the EFT framework. We consider an effective
theory where the SM is extended by dimension-6 operators:
Leff = LSM + 1
v2
LD=6. (4.2.1)
We assume the SM electroweak symmetry is linearly realized. This implies Leff contains local
operators invariant under the SU(3)×SU(2)×U(1) symmetry; in particular, the Higgs boson
h enters the Lagrangian only through gauge invariant interactions of the Higgs doublet H.
The SM Lagrangian in our notation takes the form:
LSM = − 1
4
GaµνG
a µν − 1
4
W iµνW
i µν − 1
4
BµνB
µν +DµH†DµH + µ2HH
†H − λ(H†H)2
+
∑
f∈q,ℓ
if¯Lγ
µDµfL +
∑
f∈u,d,e
if¯Rγ
µDµfR
−
[
H˜†u¯RY uqL +H†d¯RY dVCKMqL +H†e¯RY ℓℓL + h.c.
]
.
(4.2.2)
The gauge couplings of SU(3)×SU(2)×U(1) are denoted by gS , g, g′, respectively; we define
the electromagnetic coupling e = gg′/
√
g2 + g′2, and the weak angle sw = g′/
√
g2 + g′2. The
Higgs doublet H acquires the VEV ⟨H⟩ = (0, v/√2), where v ≈ 246.2 GeV. We also define
H˜i = ϵijH
∗
j . After electroweak symmetry breaking, the gauge mass eigenstates are defined
as W± = (W 1 ∓ iW 2)/√2, Z = cwW 3 − swB, A = swW 3 + cwB, where cw =
√
1− s2w =
g/
√
g2 + g′2. The fermions qL = (uL, V
†
CKMdL) and ℓL = (νL, eL) are doublets of the SU(2)
gauge group. All fermions are 3-component vectors in the generation space. We work in the
basis where the fermions are mass eigenstates, thus Y u,d,ℓ are 3 × 3 diagonal matrices such
that: [Y f ]ij v√2 = mfiδij . The Higgs boson interactions following from Eq. (4.2.2),
LSMh =
(
h
v
+
h2
2v2
)[
2m2WW
+
µ W
− µ +m2ZZµZ
µ
]− h
v
∑
f
mf f¯f − m
2
h
2v
h3 − m
2
h
8v2
h4, (4.2.3)
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do not contain any LFV nor QFV couplings.
We move to describe the effect of dimension-6 operators. In Eq. (4.2.1) we choose to
normalize them by the electroweak scale v, while the new physics scale ΛNP is absorbed into
the coefficients ci ∼ v2/Λ2NP of these operators in the Lagrangian. A complete non-redundant
LD=6 for 3 generations of fermions was explicitly written down in Ref. [50]. Here we work
at the level of Higgs boson couplings with other SM mass eigenstates, as in [54, 56]. In this
language, the Lagrangian is defined by a set of couplings [δyf ], [δgV f ], and [dV f ], which are in
general 3× 3 matrices with non-diagonal elements for all fermion species f . A subset of these
interactions violates lepton flavour and introduces tree-level flavour changing neutral currents
for quark flavour violation.
The first group is related to corrections to the SM Higgs Yukawa couplings in Eq. (4.2.3):
LD=6hff = −
h
v
∑
f∈u,d,e
∑
i ̸=j
√
mfimfj
[
[δyf ]ij f¯R,ifL,j + h.c.
]
. (4.2.4)
These couplings arise from Yukawa-type dimension-6 operators of the form cf |H|2f¯Hf , after
redefinition of the fermion mass matrix and its diagonalization, see Section 2.7.1. The second
group is related to the contact interactions between the Higgs boson, fermions, and the massive
SU(2) vector bosons:
LD=6hV ff =
g√
2
(
1 +
h
v
)2
W+µ
∑
i ̸=j
(
u¯L,iγ
µ[δgWqL ]ijdL,j + u¯R,iγ
µ[δgWqR ]ijdR,j + ν¯L,iγ
µ[δgWℓL ]ijeL,j
)
+ h.c.
+
√
g2 + g′2
(
1 +
h
v
)2
Zµ
∑
ij
⎡⎣ ∑
f∈u,d,e,ν
f¯L,iγ
µ[δgZfL ]ijfL,j +
∑
f∈u,d,e
f¯R,iγ
µ[δgZfR ]ijfR,j
⎤⎦
(4.2.5)
where [δgV f ] are Hermitian matrices. These couplings arise from dimension-6 operators of
the form H†DµHf¯γµf . The gauge symmetry of the dimension-6 Lagrangian implies δg
Wq
L =
δgZuL VCKM−VCKMδgZdL and δgWℓL = δgZνL −δgZeL . Furthermore, it implies that the Higgs boson
enters via (1+ h/v)2. Therefore, the strength of the Higgs contact interactions of this form is
correlated with vertex corrections to the W and Z boson interactions with fermions.
Finally, we also consider the dipole-type Higgs interactions:
LD=6dipole = −
1 + h/v
v2
∑
i ̸=j
⎡⎣gS ∑
f∈u,d
√
mfimfj f¯R,iσ
µνT a[dGf ]ijfL,jG
a
µν
+e
∑
f∈u,d,e
√
mfimfj f¯R,iσ
µν [dAf ]ijfL,jAµν +
√
g2 + g′2
∑
f∈u,d,e
√
mfimfj f¯R,iσ
µν [dZf ]ijfL,jZµν
+
√
2g
(√
muimuj u¯R,iσ
µν [dWu]ijdL,jW
+
µν +
√
mdimdj d¯R,iσ
µν [dWd]ijuL,jW
−
µν
)
+
√
2g
(√
meimej ν¯L,iσ
µν [dWe]ijeR,jW
+
µν
)]
+ h.c. ,
(4.2.6)
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where σµν = i2 [γµ, γν ], and [dV f ] are general 3×3 matrices. These couplings are absent in the
SM at the tree level, but they arise from dimension-6 operators of the form Hf¯σµνfVµν . The
gauge symmetry of the dimension-6 Lagrangian implies that the W boson dipole couplings
are related to that of the Z boson and the photon: ηfdWf = dZf + s2wdAf , ηu = 1, ηd,e = −1.
Again, it also dictates that the Higgs boson enters via (1 + h/v). Therefore, the strength of
this type of Higgs interactions is correlated with the strength of dipole interactions of the SM
fermions and gauge bosons.
In Eq. (4.2.4) and Eq. (4.2.6) we isolated the factor √mfimfj in the Yukawa and dipole
interactions. This is done for convenience, and we do not assume any particular pattern of
[δyf ]ij and [dV f ]ij . The Yukawa and dipole interactions are distinguished by the fact that
they violate chirality (they allow for transitions of left-handed fermions into right-handed
ones and vice-versa), much like the fermion mass terms in the SM. Any model addressing
the flavour problem and generating these parameters in the low-energy EFT is expected to
exhibit some sort of chiral suppression. Exactly this pattern will arise from models following
the minimal flavour violation paradigm, where all sources of flavour violation are proportional
to the SM Yukawa matrices. Although, more generally, the chiral suppression does not have to
be proportional to the fermion masses, isolating the mass factor leads to a more transparent
picture for natural values of these parameters. For the Yukawa interactions, the off-diagonal
couplings can be more readily compared to the diagonal ones which, in this normalization,
are just equal to 1 in the SM limit.
In the rest of this chapter, we discuss LFV and QFV exotic Higgs decays induced by
the operators in Eq. (4.2.4), Eq. (4.2.5), and Eq. (4.2.6). As mentioned before, we assume
that the flavour-diagonal Higgs couplings are not significantly affected by higher-dimensional
operators, and that there are no large fine-tuned cancellations between different parameters
so as to satisfy constraints from precision experiments. In such a constrained framework, we
discuss the limits on the LFV and QFV Higgs couplings from various precision measurements.
With these assumptions, we give the limits on the couplings from precision experiments and
discuss the maximum exotic Higgs branching fractions allowed.
4.3 Two body Higgs decays
In this section we discuss two-body flavour-violating decays involving the Higgs boson. Such
processes are generated via the Yukawa couplings in Eq. (4.2.4). The important point is that
the [δyf ]ij are free parameters from the EFT point of view, and can take any value within
the EFT validity range.
4.3.1 Lepton-flavour violating decays
No experimental dedicated searches have been done so far for h→ µe and h→ τe. For h→ τµ,
the 95% CL upper limit on the branching ratio was set by CMS [137] and ATLAS [138]:
Br(h→ τµ) ≤ 1.51% (CMS) ; Br(h→ τµ) ≤ 1.85% (ATLAS) . (4.3.1)
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The CMS search shows a 2.4σ excess over the expected null background, Br(h → τµ) =(
0.84+0.39−0.37
)
%, while the “excess” in ATLAS is only 1σ, Br(h→ τµ) = (0.77+0.62−0.62)%. A naive
combination of the ATLAS and CMS results yields:
Br(h→ τµ) = (0.82+0.33−0.32)% ; Br(h→ τµ) ≤ 1.47% (ATLAS + CMS) . (4.3.2)
In terms of the parameters in Eq. (4.2.4), the branching ratio can be written as:
Br(h→ τµ)
Br(h→ ττ) =
mµ
mτ
(|[δyℓ]µτ |2 + |[δyℓ]τµ|2) , (4.3.3)
where we assumed the h → ττ decay is not significantly affected by new physics. Using
mµ = 105.7MeV, mτ = 1.78GeV, Br(h → ττ) = 6.3% from the SM value, we obtain the
best fit value and the 95% CL bound on the EFT parameters:
|[δyℓ]µτ |2 + |[δyℓ]τµ|2 = 2.19+0.88−0.85,√
|[δyℓ]µτ |2 + |[δyℓ]τµ|2 ≤ 1.98. (4.3.4)
The strongest constraint on the LFV Higgs couplings come from ℓ2 → ℓ1γ decays [134, 135].
In the SM, such processes are completely forbidden in the limit of zero neutrino masses, but
they can be generated in the presence of D=6 operators. In the EFT with LFV Yukawa
couplings, they occur at one-loop level. The diagrams for µ → eγ are shown in Fig. 4.1
(the diagrams for τ → eγ and τ → µγ are analogous). The expected form of the ℓ2 → ℓ1γ
amplitude is the following:
M =Mµϵ⋆µ(k) = u(ℓ1)(F0kµ + F1γµ + F2σµνkν)u(ℓ2)ϵ⋆µ(k). (4.3.5)
The form factor F0 does not contribute to the process, since kµϵ⋆µ(k) = 0 (photon polarization
is transverse). Only diagram 1 gives contributions to the F2 form factor, whereas F1 receives
contributions from diagram 1 that are cancelled by the self-energies and tadpole diagrams.
We finally obtain:
M = u(ℓ1)F2σµνkνu(ℓ2)ϵ⋆µ(k) with: F2 =
1
16π2
(CLPL + CRPR) ; PL/R =
1∓ γ5
2
.
(4.3.6)
We make a few comments on this calculation. While only diagram 1 contributes to F2, all the
diagrams need to be considered in order to cancel divergences in the full amplitude and keep
it gauge-invariant. Note that, apart from fermion wave function renormalization, also kinetic
mixing is generated by the loops. Diagrams 4, 5, 6 and 7 do not contribute at all because
the Higgs-photon mixing propagator vanish. Diagrams 2 and 3, featuring a two-Higgs-two-
fermion vertex, exist only in the effective theory and not in the Standard Model. They are
generated by the same operator as the corrections to the single-Higgs-two-fermions vertex,
and the strength of this vertex is directly proportional to the Yukawa corrections. Evaluating
the diagrams we find the following results:
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• µ→ eγ:(
CL
CR
)
≈ em
2
τ
√
mµme
2m2Hv
2
(
2 ln
(
m2H
m2τ
)
− 3
)(
[δyℓ]eτ [δyℓ]τµ
[δyℓ]
∗
µτ [δyℓ]
∗
τe
)
≈ 5.4×10−11GeV−1
(
[δyℓ]eτ [δyℓ]τµ
[δyℓ]
∗
µτ [δyℓ]
∗
τe
)
,
(4.3.7)
• τ → eγ:(
CL
CR
)
≈ em
2
τ
√
memτ
3m2Hv
2
(
3 ln
(
m2H
m2τ
)
− 4
)(
[δyℓ]eτ
[δyℓ]
∗
τe
)
≈ 2.2× 10−10GeV−1
(
[δyℓ]eτ
[δyℓ]
∗
τe
)
,
(4.3.8)
• τ → µγ:(
CL
CR
)
≈ em
2
τ
√
mµmτ
3m2Hv
2
(
3 ln
(
m2H
m2τ
)
− 4
)(
[δyℓ]µτ
[δyℓ]
∗
τµ
)
≈ 3.2× 10−9GeV−1
(
[δyℓ]µτ
[δyℓ]
∗
τµ
)
.
(4.3.9)
Above, we kept only the contributions from diagrams with the τ lepton in the internal fermion
line. Other contributions are suppressed by mµ/mτ or me/mτ and can be neglected, unless
there is a huge hierarchy between different off-diagonal elements of [δyf ]. Such hierarchy is not
expected for EFT arising as low-energy approximation of specific models where the flavour
problem is addressed. Our results agree with Refs. [134, 135], up to a different normalization
used in these references.
mu
e
a
H
l
l
1
mu
e
a
l
H
2
mu
e
al
H
3
mu
e
aH
l
l
4
mu
e
aH
uq
uq
5
mu
e
aH
dq
dq
6
mu
e
aH
W
W
7
mu
e
a
l
Hl
8
mu
e
a
l
Huq
9
mu
e
a
l
Hdq
10
mu
e
a
l
H
H
11
mu
e
a
l
HZ
12
mu
e
a
l
HW
13
mu
e
a
l
l
H
14
mu
e
a
l
H
l
15
mu
e
a
l
H
uq
16
mu
e
a
l
H
dq
17
mu
e
a
l
H
H
18
mu
e
a
l
H
Z
19
mu
e
a
l
H
W
20
mu
e
al
l
H
21
Figure 4.1 – Diagrams contributing to µ→ eγ at one-loop (unitary gauge) in the EFT.
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It was pointed out in the literature [134, 135] that certain two-loop corrections, the
so-called Barr-Zee diagrams with a W or a top loop, may give comparable contributions
as the one-loop diagrams computed above. Their analytical form can be found in the Ap-
pendix A.2 of [135], which were adapted from the µ→ eγ formulas of Chang et al. [139] and
Leigh et al. [140]. It turns out that Barr-Zee contributions are proportional to √mimjδyijC,
where C is common for all the processes. Numerically, one finds:
• µ→ eγ: (
CL
CR
)
≈ 2.3× 10−10GeV−1
(
[δyℓ]eµ
[δyℓ]
∗
µe
)
. (4.3.10)
• τ → eγ: (
CL
CR
)
≈ 9.6× 10−10GeV−1
(
[δyℓ]eτ
[δyℓ]
∗
τe
)
. (4.3.11)
• τ → µγ: (
CL
CR
)
≈ 1.4× 10−8GeV−1
(
[δyℓ]µτ
[δyℓ]
∗
τµ
)
. (4.3.12)
Indeed, the 2-loop contributions turn out to be dominant, for τ → µγ and τ → eγ by
approximately a factor of 4. For µ→ eγ the ratio of two- and one-loop contributions depends
on the ratios of the different off-diagonal Yukawa couplings.
We are ready to calculate the branching fractions. The decay width for µ → eγ is given
by:
Γµ→eγ =
1
16πm3µ
(m2µ −m2e)|M |2 ; |M |2 = (m2µ −m2e)2|F2|2 ; |F2|2 =
|CL|2 + |CR|2
(16π2)2
(4.3.13)
where |M |2 is the spin-averaged amplitude squared. Analogous formulas hold for τ → eγ and
τ → µγ.
Table 4.1 – Experimental 90% (or 95%) CL. upper limits on the branching fraction Br for
lepton radiative flavour-violating processes.
Process Upper limits on Br Ref./Exp.
µ→ eγ 5.7× 10−13 [141] (MEG)
τ → eγ 3.3× 10−8 [142] (BaBar)
τ → µγ 4.4× 10−8 [142] (BaBar)
The experimental limits on these processes obtained by the BaBar collaboration (τ → ℓγ),
and the MEG experiment (µ → eγ) are collected in Table 4.1. Using those, we find the
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following constraints on the lepton-flavour violating Yukawa couplings:
• µ→ eγ:√
|[δyℓ]eµ + 0.2[δyℓ]eτ [δyℓ]τµ|2 + |[δyℓ]µe + 0.2[δyℓ]µτ [δyℓ]τe|2 ≤ 0.048. (4.3.14)
• τ → eγ: √
|[δyℓ]eτ |2 + |[δyℓ]τe|2 ≤ 109. (4.3.15)
• τ → µγ: √
|[δyℓ]µτ |2 + |[δyℓ]τµ|2 ≤ 8.7. (4.3.16)
Limits on the off-diagonal Yukawa couplings from their one-loop contribution to ℓ2 → 3ℓ1
decays are weaker [143].
Finally, motivated by the constraints discussed above, we write the LFV Higgs branching
fractions as:
Br(h→ τµ) ≈ |[δyℓ]µτ |
2 + |[δyℓ]τµ|2
22
× 1.5%,
Br(h→ τe) ≈ |[δyℓ]eτ |
2 + |[δyℓ]τe|2
1002
× 18%,
Br(h→ µe) ≈ |[δyℓ]eµ|
2 + |[δyℓ]µe|2
0.062
× 4× 10−9. (4.3.17)
We can immediately see that the indirect constraints allow for a sizable branching fraction of
h → τe, and h → τµ decays. In particular, the percent-level branching fraction for h → τµ,
hinted at by the CMS excess, can be addressed in the EFT context without any tension
with τ → µγ bounds. However, one should note that the µ → eγ constraint does not allow
Br(h→ τµ) and Br(h→ τe) to be simultaneously large. Observing both of these decays at the
LHC would thus signify a breakdown of the EFT approach. On the other hand, Br(h→ µe)
is constrained to be small by the µ→ eγ constraint, so as to be unobservable in practice.
There is also the question which explicit BSM models may generate the pattern of LFV
Yukawa couplings required to produce Br(h → τµ/e) at the level of a percent to per-mille.
This turns out to be difficult in concrete models. Typically, satisfying all constraints is either
completely impossible [144], or requires some fine-tuning and/or baroque model building [145].
4.3.2 Flavour changing top quark decays
Dimension-6 operators may also violate flavour in the quark sector. In the SM, quark flavour is
not conserved due to off-diagonal CKMmatrix elements, but flavour-changing neutral currents
are forbidden at tree level. Therefore, the quark flavour violating processes involving the Higgs
boson are suppressed by a loop factor, and in addition suppressed by the GIM mechanism.
On the other hand, the couplings in Eq. (4.2.4) may lead to flavour-changing neutral currents
at tree level.
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From the experimental point of view, the most interesting of these processes are the ones
involving the top quark. ATLAS and CMS have performed direct searches for Higgs-mediated
flavour-changing neutral currents in top quark decays: t → hq, q = c, u. Due to loop and
GIM suppression, the branching fractions for these decays in the SM are prohibitively small.
However in models beyond the SM with new sources of flavour violation these decays are often
enhanced to a level that may be observable at the LHC, see e.g. [146].
In the limit of massless charm or up quarks, the tree-level decay width is given by the
formula:
Γ(t→ hq) = m
2
tmq
32πv2
(
1− m
2
h
m2t
)2 (|[δyu]qt|2 + |[δyu]tq|2) . (4.3.18)
This translates to the branching fractions:
Br(t→ hc) = 1.1× 10−3 (|[δyu]ct|2 + |[δyu]tc|2) ,
Br(t→ hu) = 1.9× 10−6 (|[δyu]ut|2 + |[δyu]tu|2) , (4.3.19)
where we used Γt ≈ 1.35 GeV.
The current 95% upper limits on the branching fractions for these decays are given in
Table 4.2. Using these, we find the following constraints on the off-diagonal Higgs Yukawa
couplings: √
|[δyu]ct|2 + |[δyu]tc|2 ≤ 2.3,√
|[δyu]ut|2 + |[δyu]tu|2 ≤ 54. (4.3.20)
Table 4.2 – List of experimental 95% CL. upper limits on the branching fraction Br for
Higgs-mediated quark flavour-violating processes.
Process Upper limits on Br Ref.
t→ q(= c+ u)h 7.9× 10−3 (ATLAS) [147]
t→ ch 5.6× 10−3 (CMS) [148]
As for LFV Higgs decays to tau leptons, the current indirect constraints on δyqt and δytq
do not forbid the t→ hq branching fraction to be close to the current LHC limits. While the
relative phase between δyqt and δytq is severely constrained by neutron electric dipole moment
searches [149], the absolute values (which enter into the t → hq widths) are allowed to be
large. One should also mention that D-meson oscillations place more severe constraints on the
products δyutδytc and δytuδyct, see [149]. Therefore, in the EFT context, it is impossible for
both t→ hc and t→ hu branching fractions to be close to the current experimental limits.
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4.4 3-body decays
In the previous section we discussed two body exotic decays induced by dimension-6 opera-
tors of the Yukawa type. We concluded that indirect constraints on the LFV and QFV Higgs
Yukawa couplings to fermions are consistent with the branching fractions of h → τµ and
h→ τe decays that are readily observable at the LHC. In fact, the best limits on the relevant
couplings currently come from the LHC. This agrees with conclusions from previous litera-
ture [135]. In this section we extend this discussion to 3-body exotic Higgs decays and other
operators appearing at the dimension-6 level in the EFT Lagrangian.
4.4.1 h→ Wbq
We begin with the h→ t∗q → Wbq decays. These decays are mediated by the same Yukawa
couplings that lead to the t→ hc/u decays, and are constrained by ATLAS and CMS searches
as in Eq. (4.3.20):
Br(h→Wbc) = 1.3× 10−4 (|[δyu]ct|2 + |[δyu]tc|2) ,
Br(h→Wbu) = 2.3× 10−7 (|[δyu]ut|2 + |[δyu]tu|2) , (4.4.1)
where we summed over theW+ andW− modes. Note that Higgs decays with O(10−4) branch-
ing fractions have already been seen in LHC Run-1 in the h → ZZ → 4ℓ channel. Thus, if
t→ hq decays are observed at the LHC close to the current limit, it should be possible to also
observe the h→Wbq decays in the future (although the tt¯ background will be a challenge in
this case).
4.4.2 h→ ℓ1ℓ2γ
We move to the dipole-type operators in Eq. (4.2.6). In the lepton sector, these may lead to
h→ ℓ1ℓ2γ decays, where the presence of a hard photon in the decay would allow experiments
to distinguish it from h→ ℓℓ′ mediated by Yukawa couplings.
As discussed before, the strength of Higgs dipole-type interactions is fixed by the strength
of the corresponding dipole interaction between fermions and a gauge boson. Therefore the
constraint on the Higgs coupling will come from dipole mediated ℓ1 → ℓ2γ decays. In the limit
where the leptons are massless, the width of the latter is given by:
Γ(ℓ1 → ℓ2γ) =
e2m4ℓ1mℓ2
4πv4
(
|[dAe]ℓ1ℓ2 |2 + |[dAe]ℓ2ℓ1 |2
)
, (4.4.2)
where we summed over the ℓ+1 ℓ
−
2 and ℓ
−
1 ℓ
+
2 decay modes. Using the experimental results from
Table 4.1, we get the following constraints on the dipole couplings:√
|[dAe]eµ|2 + |[dAe]µe|2 ≤ 1.2× 10−6,√
|[dAe]eτ |2 + |[dAe]τe|2 ≤ 2.6× 10−3,
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√
|[dAe]µτ |2 + |[dAe]τµ|2 ≤ 2.1× 10−4. (4.4.3)
The h→ ℓ1ℓ2γ decay width is given by:
Γ(h→ ℓ1ℓ2γ) = e
2m5hmℓ1mℓ2
384π3v6
(
|[dAe]ℓ1ℓ2 |2 + |[dAe]ℓ2ℓ1 |2
)
, (4.4.4)
where we summed over the ℓ+1 ℓ
−
2 and ℓ
−
1 ℓ
+
2 decay modes. Given Eq. (4.4.3), the Higgs branching
fractions are constrained as:
Br(h→ µeγ) ≤ 1.9× 10−23,
Br(h→ τeγ) ≤ 1.7× 10−15,
Br(h→ τµγ) ≤ 2.3× 10−15. (4.4.5)
Unlike for Yukawa mediated 2-body decays, the decays with τ in the final states are con-
strained to be extremely rare. As long as the EFT framework is adequate for describing Higgs
decays, there is no prospect of observing the dipole mediated LFV decays at the LHC or the
future 100 TeV collider [150].
4.4.3 h→ ℓℓ′Z
Another process that can be generated by dipole-type interactions in Eq. (4.2.6) is h→ ℓℓ′Z.
An analogous calculation as in the previous section yields the decay width:
Γ(h→ ℓ1ℓ2Z) = (g
2 + g′2)mℓ1mℓ2
96π3v6m3h
(
|[dZe]ℓ1ℓ2 |2 + |[dZe]ℓ2ℓ1 |2
)
×
∫ (mh−mZ)2
0
dq2
√
m4h + (m
2
Z − q2)2 − 2m2h(m2Z + q2)
(
m4h +m
4
Z +m
2
Zq
2 + q4 − 2m2h(m2Z + q2)
)
,
(4.4.6)
where we summed over the ℓ+1 ℓ
−
2 and ℓ
−
1 ℓ
+
2 decay modes. After evaluation of the integral we
get the branching fractions:
Br(h→ µeZ) = 1.4× 10−12
(
|[dZe]eµ|2 + |[dZe]µe|2
)
,
Br(h→ τeZ) = 2.4× 10−11
(
|[dZe]eτ |2 + |[dZe]τe|2
)
,
Br(h→ τµZ) = 4.9× 10−9
(
|[dZe]µτ |2 + |[dZe]τµ|2
)
. (4.4.7)
Constraints on the parameters dZe come from experimental limits on LFV Z boson decays
summarised in Table 4.3. The dipole mediated partial decay width is given by:
Γ(Z → ℓ1ℓ2) = (g
2 + g′2)m3Zmℓ1mℓ2
6πv4
(
|[dZe]ℓ1ℓ2 |2 + |[dZe]ℓ2ℓ1 |2
)
, (4.4.8)
where we summed over the ℓ+1 ℓ
−
2 and ℓ
−
1 ℓ
+
2 decay modes. This results in the following con-
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Table 4.3 – Experimental 95% CL upper limits on the branching fraction Br for LFV Z
boson decays.
Process Upper limits on Br Ref./Exp.
Z0 → µe 2.5× 10−6 [151] (DELPHI)
1.7× 10−6 [152] (OPAL)
7.5× 10−7 [153] (ATLAS)
Z0 → τe 2.2× 10−5 [151] (DELPHI)
9.8× 10−6 [152] (OPAL)
Z0 → τµ 1.2× 10−5 [151] (DELPHI)
1.7× 10−5 [152] (OPAL)
straints on the dipole couplings:√
|[dZe]eµ|2 + |[dZe]µe|2 ≤ 76,√
|[dZe]eτ |2 + |[dZe]τe|2 ≤ 67,√
|[dZe]µτ |2 + |[dZe]τµ|2 ≤ 5.2. (4.4.9)
Stronger constraints on these couplings are obtained through their loop contributions to ra-
diative lepton decays [154]. At one loop one finds:
Γ(ℓ1 → ℓ2γ) =
m4ℓ1mℓ2e
2m2Z(g
2 + g′2)
1024π5v6
(
3− 6c2w + 4c2w log c2w
)2 (|[dZe]ℓ1ℓ2 |2 + |[dZe]ℓ2ℓ1 |2) .
(4.4.10)
Using the experimental results from Table 4.1, and assuming no cancellations between the
tree-level dAe and the one-loop contribution from Z dipole, we get the following constraints
on dZe: √
|[dZe]eµ|2 + |[dZe]µe|2 ≤ 2.7× 10−4,√
|[dZe]eτ |2 + |[dZe]τe|2 ≤ 0.63,√
|[dZe]µτ |2 + |[dZe]τµ|2 ≤ 5.1× 10−2. (4.4.11)
This translates to the constraints on the branching fractions:
Br(h→ µeZ) ≤ 1.1× 10−19,
Br(h→ τeZ) ≤ 9.6× 10−12,
Br(h→ τµZ) ≤ 1.3× 10−11. (4.4.12)
The suppression is slightly smaller than for the decays with a photon in the final state, however
observing decays with this low branching fraction is impossible at the LHC or at the 100 TeV
collider.
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The same process (though with a different helicity structure for the final state fermions)
can also be generated by vertex-type couplings in Eq. (4.2.5). The decay width is:
Γ(h→ ℓ1ℓ2Z) = 1
96π3m3hv
4
(⏐⏐[δgZeL ]ℓ1ℓ2⏐⏐2 + ⏐⏐[δgZeL ]ℓ2ℓ1⏐⏐2 + ⏐⏐[δgZeR ]ℓ1ℓ2⏐⏐2 + ⏐⏐[δgZeR ]ℓ2ℓ1⏐⏐2)
×
∫ (mh−mZ)2
0
dq2
√
m4h + (m
2
Z − q2)2 − 2m2h(m2Z + q2)
(
m4h +m
4
Z + 10m
2
Zq
2 + q4 − 2m2h(m2Z + q2)
)
.
(4.4.13)
Numerically,
Γ(h→ ℓ1ℓ2Z) = 5.2× 10−3
(⏐⏐[δgZeL ]ℓ1ℓ2⏐⏐2 + ⏐⏐[δgZeL ]ℓ2ℓ1⏐⏐2 + ⏐⏐[δgZeR ]ℓ1ℓ2⏐⏐2 + ⏐⏐[δgZeR ]ℓ2ℓ1⏐⏐2) .
(4.4.14)
Again, the off-diagonal vertex corrections are constrained by LFV Z boson decays. The decay
width is:
Γ(Z → ℓ1ℓ2) = (g
2 + g′2)mZ
24π
(⏐⏐[δgZeL ]ℓ1ℓ2⏐⏐2 + ⏐⏐[δgZeL ]ℓ2ℓ1⏐⏐2 + ⏐⏐[δgZeR ]ℓ1ℓ2⏐⏐2 + ⏐⏐[δgZeR ]ℓ2ℓ1⏐⏐2) .
(4.4.15)
Then the experimental constraints in Table 4.3 imply:√⏐⏐[δgZeL ]µe⏐⏐2 + ⏐⏐[δgZeL ]eµ⏐⏐2 + ⏐⏐[δgZeR ]µe⏐⏐2 + ⏐⏐[δgZeR ]eµ⏐⏐2 ≤ 1.7× 10−3,√⏐⏐[δgZeL ]τe⏐⏐2 + ⏐⏐[δgZeL ]eτ ⏐⏐2 + ⏐⏐[δgZeR ]τe⏐⏐2 + ⏐⏐[δgZeR ]eτ ⏐⏐2 ≤ 6.1× 10−3,√⏐⏐[δgZeL ]τµ⏐⏐2 + ⏐⏐[δgZeL ]µτ ⏐⏐2 + ⏐⏐[δgZeR ]τµ⏐⏐2 + ⏐⏐[δgZeR ]µτ ⏐⏐2 ≤ 6.8× 10−3. (4.4.16)
Table 4.4 – Experimental 90% CL. upper limits on the branching fraction Br for 4-lepton
flavour-violating processes.
Process Upper limits on Br Ref./Exp.
µ→ 3e 1.0× 10−12 [155] (SINDRUM)
τ → 3e 2.7× 10−8 [156] (Belle)
τ → 3µ 2.1× 10−8 [156] (Belle)
Again stronger constraints arise through 1-loop contributions to LFV lepton decays, for
which the experimental limits are collected in Table 4.4. Assuming no cancellations with
tree-level contributions of 4-fermion operators, one obtains the bounds [143]:√⏐⏐[δgZeL ]µe⏐⏐2 + ⏐⏐[δgZeL ]eµ⏐⏐2 + ⏐⏐[δgZeR ]µe⏐⏐2 + ⏐⏐[δgZeR ]eµ⏐⏐2 ≤ 1.5× 10−6,√⏐⏐[δgZeL ]τe⏐⏐2 + ⏐⏐[δgZeL ]eτ ⏐⏐2 + ⏐⏐[δgZeR ]τe⏐⏐2 + ⏐⏐[δgZeR ]eτ ⏐⏐2 ≤ 8.4× 10−4,√⏐⏐[δgZeL ]τµ⏐⏐2 + ⏐⏐[δgZeL ]µτ ⏐⏐2 + ⏐⏐[δgZeR ]τµ⏐⏐2 + ⏐⏐[δgZeR ]µτ ⏐⏐2 ≤ 5.9× 10−4. (4.4.17)
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This translates to the following bounds on the branching fractions:
Br(h→ µeZ) ≤ 1.2× 10−14,
Br(h→ τeZ) ≤ 3.6× 10−9,
Br(h→ τµZ) ≤ 1.8× 10−9. (4.4.18)
The bounds are somewhat weaker than for the dipole mediated Higgs decays, however the
suppression is still too much for any realistic prospects of experimental detection.
4.4.4 h→ qqγ
Here we comment on dipole-mediated flavour-violating Higgs decays into quarks, taking h→
bsγ and h→ bsg decays as an example. By gauge symmetry, the rate of these decays is related
to that of b → s dipole transitions, which in turn can be constrained by experimental data
on B → Xsγ decays. Within the Standard Model, the effective Hamiltonian describing the
b→ sγ transition at a scale µB ∼ O(mb) can be expressed by:
Heff = GF√
2
∑
f=u,c
V ⋆fsVfb
8∑
i=1
Ci(µB)Oi(µB) . (4.4.19)
We are interested in the dipole operators, which in the “standard basis” notation [157] take
the form:
O7 = e
4π2
[sσµν(msPL +mbPR)b]Fµν , (4.4.20)
O8 = gS
4π2
[sσµν(msPL +mbPR)T
ab]Gaµν , (4.4.21)
while other operators taking part in this transition can be found e.g. in Ref. [157]. In a
SU(3)× SU(2)× U(1) gauge invariant theory, these operators must come together with the
corresponding Higgs boson couplings. In the notation of Eq. (4.2.6):
[dAd]sb ≈ Vcb
√
ms
mb
C7
8π2
; [dAd]bs ≈ V ∗cb
√
mb
ms
C∗7
8π2
, (4.4.22)
and the same for [dGd]sb and [dGd]bs with C7 → C8. The branching fractions of dipole mediated
Higgs decays to bsγ can then be expressed as:
Br(h→ bsγ) ≈ 2× 10−14|C7|2. (4.4.23)
The SM predicts C7 ∼ 1, which makes this decay completely negligible in the SM. Can it be
enhanced by new physics contributions? To analyse that, let us recall how C7 is constrained.
For the Higgs decays, we need C7 at the weak scale, while the experimental data on B → Xsγ
are sensitive to C7 at the scale µB ∼ mb. The two quantities are connected by the SM
renormalization group equations. One should also remember that various operators with the
same quantum number can mix via the renormalization group running. Thus, the constraints
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on C7 at the weak scale depend on the low-energy constraints on C7, C8, and also on the
Wilson coefficients of 4-fermion b → s operators (O1...6 in the notation of Ref. [157]). We
perform our numerical calculation using the SuperIso 3.4 code [158], however we use the
new experimental value of Br(B → Xsγ) according to the Stanford Heavy Flavour Averaging
Group [159]:
Br(B → Xsγ)ExpEγ>1.6GeV = (3.43± 0.21(stat)± 0.07(syst))× 10−4, (4.4.24)
To proceed, we split Ci = CSMi (µW ) +C
BSM
i (µW ) and then scan the plane of the coefficients
(CBSM7 (µW );C
BSM
8 (µW )) by varying them around their Standard Model value (0, 0). For each
point the Br(B → Xsγ) is evaluated by running the renormalization group equations for
C7, C8 down to µB. We select the points such that we have Br(B → Xsγ) = Br(B →
Xsγ)
Exp
Eγ>1.6GeV
± 1σ. The results are shown in Fig. 4.2. Clearly, any new contributions to C7
are constrained to be . 1, unless fine-tuning between C7 and C8 is invoked. Therefore, it
is not possible to significantly enhance the rate of dipole-mediated h → bsγ decays. Similar
conclusions may apply to other dipole- or vertex-mediated quark-flavour violating decays.
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Figure 4.2 – Allowed values for the Wilson coefficients C(0)7 and C
(0)
8 at MW around the
Standard Model point, such that the computed Br(B → Xsγ) = Br(B → Xsγ)ExpEγ>1.6GeV
within (1σ) errors. The renormalization scale µB was varied betweenmb andmb/2 to verify
that the observable did not have a strong dependence on the renormalization scale.
4.4.5 t→ hqV
Finally, we consider flavour-violating 3-body decays of the top quark mediated by dipole-type
operators: t → hqV , where V is a photon or a gluon. To calculate the decay width in this
case, we have implemented the t¯σµνcVµν and ht¯σµνcVµν vertices in a MadGraph model file,
and calculated the width numerically in aMC@NLO [84]. We find:
Br(t→ qV h)
Br(t→ qV ) ≈ 6.2× 10
−7. (4.4.25)
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The current best constraints on Br(t→ qγ) come from searches for anomalous top production
at the LHC. For the dipole couplings to photons the strongest limits come from the CMS
experiment [160]. They translate to the following limits on the branching fractions:
Br(t→ uγ) ≤ 1.3× 10−4,
Br(t→ cγ) ≤ 1.7× 10−3. (4.4.26)
For t→ uγ, even stronger limits can be placed due to the dipole contributions to the neutron
electric dipole moment [161], though these constraints do no apply when the dipole couplings
are parity conserving. For the dipole couplings to the gluon, the strongest limits come from
the ATLAS experiments [162]:
Br(t→ ug) ≤ 4.0× 10−5,
Br(t→ cg) ≤ 1.7× 10−4. (4.4.27)
The experimental bounds in Eq. (4.4.26) and Eq. (4.4.27) translate to the following constraints
on top decays with the Higgs:
Br(t→ uγh) ≤ 8.0× 10−11,
Br(t→ cγh) ≤ 1.0× 10−9,
Br(t→ ugh) ≤ 2.5× 10−11,
Br(t→ cgh) ≤ 1.0× 10−10. (4.4.28)
While the suppression is similar as for Higgs decays such as h → τeZ, one should keep in
mind that the top production cross section is much larger than that of the Higgs boson. The
pp → tt¯ cross section is O(1) nb at the 14 TeV LHC, and it will be a factor of 30 larger in
the future 100TeV collider [150]. Thus, O(109) tt¯ pairs will be collected at the LHC after the
completion of the high-luminosity run, and this number may grow to O(1011) in the 100 TeV
collider. With this large sample, very rare top decays to the Higgs boson with a branching
fraction of one-in-a-billion may be explored in the far future.
4.5 Summary
In this chapter we discussed the possibility of observing at the LHC exotic Higgs decays that
violate lepton or quark flavour. Our study was done in the context of an EFT which describes
the effective interactions of the Higgs boson with other SM particles after heavy particles
from beyond the SM have been integrated out. In this context, the possibility of a significant
rate of 2-body decays such as h → µτ , h → eτ , and t → ch was pointed out in the previous
literature. Our analysis confirms and updates these conclusions.
We also studied the possibility of exotic 3-body decays involving the Higgs boson. Here,
our conclusions are largely negative. The existing precision constraints imply that the rate
of such 3-body processes must be prohibitively small and cannot be observed in colliders in
foreseeable future. This is an important and robust conclusion that can derived in the EFT
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framework. Conversely, if such 3-body processes are observed, this would signal a breakdown
of the EFT description we used regarding Higgs decay processes. Such a breakdown would
be a harbinger of new light degrees of freedom, or a non-linear realization of electroweak
symmetry.
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Chapter 5
Two-Higgs-Doublets Models and
HEFT
5.1 Introduction
The EFT we discussed in this thesis is interpreted as an effective description of theories
beyond the SM, where the new particles are much heavier than the weak scale. There are
many possible extensions of the SM that could serve as a UV completion to our EFT. In
the simplest case, a new scalar or fermionic particle with definite transformation properties
under the SM group can be added to the SM. Or, motivated by Grand Unification Theories,
one can embed the Standard Model fields into representations of a larger symmetry group,
such as SU(5). Another possibility are theories with space-time having new compactified
dimensions which generate new field excitations at high energy, the so-called Kaluza-Klein
models. Finally, supersymmetry, which is an extra symmetry between fermions and bosons,
can be introduced together with the new degrees of freedom it requires.
In this chapter we discuss the relationship between the EFT and specific UV models, using
the example of the two Higgs Doublet Models (2HDMs). In those models, a new scalar doublet
is added to the SM with the same quantum numbers as the SM Higgs doublet, which has
only renormalizable interactions with itself and other fields. Similarly to the Higgs field, the
new doublet can couple to fermions via Yukawa interactions. Furthermore, the two doublets
interact with each other via a scalar potential.
One important motivation for considering this set-up is provided by supersymmetric ex-
tensions of the SM, as then anomaly cancellation typically requires the presence of more than
one Higgs doublet. In its minimal realization, the Minimal Supersymmetric Standard Model
(MSSM), two Higgs doublets with opposite hypercharge are present, so as to cancel anomalies
due to the spin-1/2 component (higgsinos) of those multiplets. Furthermore, holomorphicity
of the superpotential implies that each doublet can only couple to either the up-type and/or
the down-type right-handed fermions. Also, the possible form of the scalar potential of the
two doublets is constrained by supersymmetry. Thus, in the limit where the superpartners
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of the SM fermions and gauge bosons are much heavier, the MSSM leads to a special con-
strained version of a 2HDM. However, other theoretical frameworks (e.g. some composite
Higgs models [163]) may predict the presence of two Higgs doublets with interactions of dif-
ferent structure. For this reason, we consider below the 2HDM with interactions more general
than those predicted by supersymmetry.
The goal of this chapter is to derive the EFT that is a low-energy description of the 2HDM.
We will also compare the description of LHC Higgs couplings measurements in the full model
and in the corresponding EFT. Our analysis is based on our work in progress [164]; a related
discussion recently appeared in Refs. [165].
5.2 Formalism of 2HDM
In this section we discuss the Lagrangian, mass eigenstates, and the interactions in the (non-
supersymmetric) two Higgs doublet model. Most of the time we follow the presentation and
notation of Ref. [166]. We consider two Higgs doublets Φ1 and Φ2, both transforming as
(1, 2)1/2 under the SM gauge group. The most general Lorentz- and gauge-invariant potential
that can be written using these two doublets is:
V (Φ1,Φ2) = m
2
11|Φ1|2 +m222|Φ2|2 + (m212Φ†1Φ2 + h.c.) +
λ1
2
|Φ1|4 + λ2
2
|Φ2|4
+ λ3|Φ1|2|Φ2|2 + λ4(Φ†1Φ2)(Φ†2Φ1)
+
{
λ5
2
(Φ†1Φ2)
2 + (λ6|Φ1|2 + λ7|Φ2|2)(Φ†1Φ2) + h.c.
}
(5.2.1)
where, in the second line, the hermitian conjugate refers to all the terms in the curly bracket.
At this point all the parameters are free. Since the Lagrangian, and therefore the potential,
are required to be self-conjugate, this implies that all the parameters in the potential must be
real, except for m212 and λ5, λ6 and λ7 which can be complex. The parameters in the potential
are chosen such that it develops a minimum (in absolute value) and each doublet acquires a
vev:
⟨Φ0i ⟩ =
vi√
2
exp(iξi) ; i = 1, 2 , (5.2.2)
where ξi are some phases and vi are chosen positive by convention. The physical value v2 =
v21 + v
2
2 is fixed via the Fermi constant. The phases can be removed by suitable rephasings
of the doublets and we will not mention them for now on, this translates the fact that the
vacuum is considered CP-invariant. We can write the doublets as:
Φi =
(
ϕ+i
1√
2
(vi + ηi + iχi)
)
; i = 1, 2 . (5.2.3)
The potential is minimized when both doublets acquire their vev. Writing: λ345 = λ3 +
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λ4 +Re(λ5), the corresponding minimization conditions read:
∂V
∂Φ
(†)
1
(Φ01,Φ
0
2) = 0
Real part→ 0 = m211 +Re(m212)
v2
v1
+ λ1
v21
2
+ λ345
v22
2
+
3
2
Re(λ6)v1v2 +Re(λ7)
v32
2v1
(5.2.4)
Imaginary part→ 0 = Im(m212) + Im(λ5)
v1v2
2
+
3
2
Im(λ6)v
2
1 + Im(λ7)
v22
2
(5.2.5)
∂V
∂Φ
(†)
2
(Φ01,Φ
0
2) = 0
Real part→ 0 = m222 +Re(m212)
v1
v2
+ λ2
v22
2
+ λ345
v21
2
+
3
2
Re(λ7)v1v2 +Re(λ6)
v31
2v2
(5.2.6)
Imaginary part→ 0 = Im(m212) + Im(λ5)
v1v2
2
+
3
2
Im(λ7)v
2
2 + Im(λ6)
v21
2
(5.2.7)
We notice that subtracting the relations between the imaginary parts, one from the other,
gives the following condition:
v21 Im(λ6) = v
2
2 Im(λ7) , (5.2.8)
so that these relations boil down to only one independent relation:
0 = Im(m212) + Im(λ5)
v1v2
2
+ 2 Im(λ6)v
2
1 ≡ Im(m212) + Im(λ5)
v1v2
2
+ 2 Im(λ7)v
2
2 . (5.2.9)
The potential contains 14 free parameters, namely the four parameters of the doublets mass
matrix: m211, m222 and the real and imaginary parts of m212; and the self-couplings λ1,2,3,4
and the real and imaginary parts of λ5,6,7. The three minimization conditions lead to three
relations between the parameters. Two assumptions we make in the following will further
reduce the number of parameters:
1. The Lagrangian is invariant under a discrete Z2 symmetry under which the doublets
transform as Φ1 → +Φ1 and Φ2 → −Φ2. This symmetry is allowed to be broken
only softly, that is to say, only by mass parameters in the Lagrangian. This implies
λ6 = λ7 = 0.
2. All the remaining parameters in the scalar potential are assumed to be real, which
implies the Higgs sector preserves the CP symmetry at the leading order.
The Z2 symmetry also constrains the possible form of Yukawa interactions. There are
four possible classes of 2HDM, depending on how the SM fermions transform under the Z2
symmetry. They are summarised in the following table:
Type-I Type-II ℓ-specific (Type-X) Flipped (Type-Y)
Up-type Φ2 Φ2 Φ2 Φ2
Down-type Φ2 Φ1 Φ2 Φ1
Leptons Φ2 Φ1 Φ1 Φ2
Note that in each case, the Z2 symmetry requires the up-type or down-type quarks to couple to
only one of the two Higgs doublets. This protects the theory from tree-level flavour-changing
neutral currents (FCNCs), which is in fact the main motivation for introducing the Z2 sym-
metry.
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In general, one can work with linear combinations of Φ1 and Φ2, that is to say, work in a
different basis. The basis where Φ1, Φ2 are eigenstates of the Z2 symmetry is called the Z2
basis. Only in that basis should the λ6 and λ7 terms in the scalar potential above vanish. It is
often convenient to work with another basis that in this chapter we call the VEV basis1. The
VEV basis is defined as a rotation of Φ1, Φ2 such that only one linear combination H1 has
a VEV, ⟨H01 ⟩ = v√2 , while the other linear combination H2 has no VEV, ⟨H02 ⟩ = 0. Defining
cosβ = v1v and sinβ =
v2
v , the necessary rotation is given by:
Rβ =
(
cβ sβ
−sβ cβ
)
;
(
H1
H2
)
= Rβ
(
Φ1
Φ2
)
;
(
Φ1
Φ2
)
= R−1β
(
H1
H2
)
(5.2.10)
where the following short-hand notation is used: cβ = cosβ, sβ = sinβ (and tβ = tanβ;
we will also use the same convention for other angles in the following). As a consequence,
⟨Φ01⟩ = v1√2 =
v√
2
cβ and ⟨Φ02⟩ = v2√2 =
v√
2
sβ . The new doublets then can be written as:
H1 =
(
−iG+
1√
2
(v + h1 + iGz)
)
; H2 =
(
H+
1√
2
(h2 + iA)
)
(5.2.11)
with: (
−iG+
H+
)
= Rβ
(
ϕ1
ϕ2
)
;
(
h1
h2
)
= Rβ
(
η1
η2
)
;
(
Gz
A
)
= Rβ
(
χ1
χ2
)
(5.2.12)
where G± and Gz are the Goldstone bosons eaten by W± and Z, while H± and A are the
charged scalar and neutral pseudo-scalar eigenstates.
The scalar potential in the VEV basis has the form:
V (H1, H2) = Y1|H1|2 + Y2|H2|2 + (Y3H†1H2 + h.c.) +
Z1
2
|H1|4 + Z2
2
|H2|4
+ Z3|H1|2|H2|2 + Z4(H†1H2)(H†2H1)
+
{
Z5
2
(H†1H2)
2 + (Z6|H1|2 + Z7|H2|2)(H†1H2) + h.c.
}
(5.2.13)
where the parameters Y1,2 and Z1,2,3,4 are all real. Note that, in the VEV basis, H1 and H2
are not eigenstates of the Z2 symmetry and therefore the cross terms proportional to Z6 and
Z7 are present in general.
The dictionary between the Z2 basis and the VEV basis reads:
• For the quadratic terms Yi:
Y1 = m
2
11c
2
β +m
2
22s
2
β + 2Re(m
2
12)sβcβ (5.2.14)
Y2 = m
2
11s
2
β +m
2
22c
2
β − 2Re(m212)sβcβ (5.2.15)
Y3 = (m
2
22 −m211)sβcβ +m212c2β −m∗ 212 s2β (5.2.16)
1In the literature it is called the “Higgs basis”, but we use another name here to avoid confusion with the
Higgs basis of dimension-6 operators introduced in previous chapters.
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The generated cross-term H†1H2 + h.c. (coefficient Y3) can be present even if m
2
12 = 0,
unless m211 = m222 (the masses of Φ1 and Φ2 being equal).
• For the quartic terms Zi:
Z1 = λ1c
4
β + λ2s
4
β + 2λ345s
2
βc
2
β (5.2.17)
Z2 = λ1s
4
β + λ2c
4
β + 2λ345s
2
βc
2
β (5.2.18)
Zi=3,4 = (λ1 + λ2 − 2λ345)s2βc2β + λi (5.2.19)
Z5 = (λ1 + λ2 − 2λ345)s2βc2β + λ5c2β + λ∗5s2β (5.2.20)
Z6 = −sβcβ
[
λ1c
2
β − λ2s2β − λ345c2β − i Im(λ5)
]
(5.2.21)
Z7 = −sβcβ
[
λ1s
2
β − λ2c2β + λ345c2β + i Im(λ5)
]
(5.2.22)
What is relevant is that only 5 of the Zi are independent, as they satisfy 2 relations:
Z2 − Z1 =
1− 2s2β
sβcβ
(Z6 + Z7) ,
Z345 − Z1 =
1− 2s2β
sβcβ
Z6 − 2sβcβ
1− 2s2β
(Z6 − Z7) ,
(5.2.23)
where Z345 ≡ Z3 + Z4 + Z5. Using these we can eliminate e.g. Z2 and Z7 and express our
results in terms of the remaining Zi.
We now want to relate the Higgs doublets H1,2 from this VEV basis to the physical
particles. Since in general the mass matrix:
M2H =
(
Y1 Y3
Y ∗3 Y2
)
(5.2.24)
is not diagonal, we need to rotate the fields to obtain the physical eigenstates. The neutral
components of the Higgs doublets H1 and H2 in the Z2 basis are connected to the light and
heavy mass eigenstates h and H0 by the following rotation:
h1 = sβ−αh+ cβ−αH0 , h2 = cβ−αh− sβ−αH0 . (5.2.25)
The angle α is the rotation angle for connecting the components of the original Higgs doublets
Φ1 and Φ2 to the mass eigenstates.
We now detail the relation between the parameters in the potential and the physical
masses and the mixing angle. First, the equations of motion for H1 and H2 imply the vacuum
relations:
Y1 = −Z1
2
v2 ; Y3 = −Z6
2
v2 . (5.2.26)
Then the masses of the charged scalar and the pseudo-scalar read:
m2H+ = Y2 +
Z3
2
v2 ; m2A = Y2 +
Z3 + Z4 − Z5
2
v2 . (5.2.27)
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The mixing angle is related to the parameters of the potential by:
1
2
tan(2(β − α)) ≡ sβ−αcβ−α
1− 2c2β−α
= − Z6
Y2
v2
+ Z345/2− Z1
. (5.2.28)
The masses of the scalars can be written as:
m2h = v
2
(
Z1 +
cβ−α
sβ−α
Z6
)
m2H = v
2
(
Z1 − sβ−α
cβ−α
Z6
)
=
s2β−αY2 + Z345s
2
β−αv
2/2− Z1c2β−αv2
1− 2c2β−α
= m2h −
Z6v
2
sβ−αcβ−α
.
(5.2.29)
Finally, the Yukawa couplings in the VEV basis are given by:
LYukawa = − H˜†1uRYuqL −H†1dRYdqL −H†1eRYeℓL
− ηu
tβ
H˜†2uRYuqL −
ηd
tβ
H†2dRYdqL −
ηe
tβ
H†2eRYeℓL + h.c. (5.2.30)
where the coefficients of the H2 Yukawa couplings are summarised in the table below:
Type-I Type-II ℓ-specific (Type-X) Flipped (Type-Y)
ηu 1 1 1 1
ηd 1 −t2β 1 −t2β
ηe 1 −t2β −t2β 1
For completeness, we give the table of the couplings of the mass eigenstates scalars h, H0
and A to fermions (formally obtained after the replacement H1 → h1 and H2 → h2 ± A and
expanding h1 and h2 in the mass basis):
Type-I Type-II ℓ-specific (Type-X) Flipped (Type-Y)
u, d, ℓ u d, ℓ u, d ℓ u, ℓ d
h cα/sβ cα/sβ −sα/cβ cα/sβ −sα/cβ cα/sβ −sα/cβ
H0 sα/sβ sα/sβ cα/cβ sα/sβ cα/cβ sα/sβ cα/cβ
A ± cotβ cotβ +tβ ± cotβ +tβ ± cotβ +tβ
The couplings of the pseudo-scalar A to down-type quarks and charged leptons take a relative
minus sign with respect to the ones to up-type quarks. Finally, in all 2HDM types, the coupling
of h to vector bosons is the same as the SM coupling times sin(β − α), and the coupling of
H0 to vector bosons is the same as the SM coupling times cos(β−α). There is no coupling of
A to vector bosons.
For h identified with the SM Higgs, the alignment limit is defined by cβ−α → 0, that is
to say, when this Higgs boson h lives completely inside H1. From Eq. 5.2.28, the condition
for alignment is: |Z6| ≪ |Y2/v2 + Z345/2− Z1|. One way to satisfy this is by taking Y2 ≫ v2,
which is called the decoupling limit because then H0, A and H+ become heavy. Another way
to ensure alignment, which does not require decoupling, is when Z6 ≪ 1. Finally, one can also
achieve alignment for Y2 small and |Z6| ≪ |Z345| and/or |Z6| ≪ |Z1|.
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5.3 Low-energy effective theory for 2HDM
In this section we derive the low-energy EFT where all the type-II 2HDM heavy degrees of
freedom are integrated out. The derivation assumes that the 2HDM is in the decoupling limit,
that is Y2 ≡ Λ2 ≫ v2, and we treat 1/Λ as the expansion parameter of the EFT. At the
same time, the other mass parameters in the scalar potential, Y1 and Y3, should be of order
v2. In the first step, we will calculate operators up to D = 6 in the EFT, corresponding to
1/Λ2 terms in the EFT expansion, matching the UV and low-energy theory at tree level.
Next, we will add to the EFT some relevant terms that follow from 1-loop matching. We will
then compare the predictions of such EFT and the complete 2HDM regarding inclusive Higgs
rate observables. Finally, we will calculate the D = 8 operators in the EFT at tree level, and
comment on their relevance for the EFT to better approximate the UV theory.
Tree-level matching
We first match the UV theory and the EFT at tree level. This can be achieved by integrating
out the field H22. The procedure is to: 1) solve the linearized equations of motion for H2 as
a function of the light fields H1, fermions, and gauge fields, and 2) insert the solution in the
original Lagrangian. Furthermore, restricting to D = 6 operators in the EFT, one can ignore
all derivative terms in the H2 equation of motion.
The linearized equation of motion for H2 with derivative terms dropped is solved as:
Λ2H2 ≈ −H1
[
Y3 + Z6H
†
1H1
]
− ηf
tβ
f¯RYffL , (5.3.1)
or, imposing the condition that H2 has no VEV, Y3 = −Z6H†1H1,
Λ2H2 ≈ −Z6H1
[
H†1H1 −
v2
2
]
− ηf
tβ
f¯RYffL . (5.3.2)
Plugging this back, and keeping terms up to 1/Λ2 the effective Lagrangian has the form:
Leff = LSM (H1, V, ψ)+ 1
Λ2
[
Z6H
†
1
(
H†1H1 −
v2
2
)
+
ηf
tβ
f¯RYffL
] [
Z6H1
(
H†1H1 −
v2
2
)
+
ηf
tβ
f¯LYffR
]
.
(5.3.3)
Using the language of the dimension-6 Higgs basis (see Chapter 2 and [56]), one obtains the
following parameters in the D = 6 effective Lagrangian: the shifts of the Yukawa couplings
and the shift of the trilinear Higgs coupling, using the normalization ∆L = −δλh3vh3:
[δyu,d,e]ij = −ηu,d,e
tβ
Z6
v2
Λ2
δij ; δλ
h
3 = −
3Z26
2
v2
Λ2
. (5.3.4)
In addition, there are also corrections to 4-fermion terms that are not relevant in the
2Even though H2 is not a mass eigenstate (it contains in general a mixture of the light h and the heavy H
scalar), it is consistent to integrate it out as discussed e.g. in [71].
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following. Others D = 6 parameters vanish at tree-level. In particular, at tree-level and re-
stricting to D = 6 EFT, there are no corrections to the Higgs boson interactions with gauge
bosons:
δcZ = cZZ = cγγ = cZγ = cgg = 0 . (5.3.5)
One can check that the couplings of the Higgs in the effective theory described by the
Lagrangian in Eq. (5.3.3) are the same as the couplings of h in the 2HDM expanded to linear
order in cβ−α, once we identify:
cβ−α ↔ −Z6v
2
Λ2
. (5.3.6)
This identification is consistent with Eq. (5.2.28) when Y2 ≫ v2.
One-loop matching
Matching to the 2HDM at the 1-loop level, several additional EFT couplings become non-zero
at the 1/Λ2 order. We focus here on cγγ and cZγ , as these contributions are most relevant for
the low-energy phenomenology.
Let us start with cγγ . In general, a fermion f with mass mf and charge Qf or a complex
scalar s with mass ms and charge Qs, coupled to the Higgs as:
L ⊃ −Yfhf¯f − Ysvhs†s , (5.3.7)
after being integrated out, induce the contribution cγγ in the EFT given by:
cγγ = Yf
v
mf
Q2f
6π2
Af
(
m2h
4m2f
)
+ Ys
v2
m2s
Q2s
48π2
As
(
m2h
4m2s
)
(5.3.8)
where the 1-loop functions are defined as (see e.g. [167]):
Af (τ) ≡ 3
2τ2
[(τ − 1)f(τ) + τ ] ,
As(τ) ≡ 3
τ2
[f(τ)− τ ] ,
f(τ) ≡
⎧⎨⎩ arcsin
2√τ τ ≤ 1
−14
[
log 1+
√
1−τ−1
1−√1−τ−1 − iπ
]2
τ > 1
. (5.3.9)
Note that Af,s(τ) → 1 as τ → 0. Therefore, for a heavy scalar H+ for which Ys ≈ Z3 and
m2s ≈ Y2 + Z3v2/2, the 2HDM contribution to cγγ is:
cγγ ≈ 1
48π2
Z3v
2
Y2 + Z3v2/2
+O
(
v4
Y 22
)
. (5.3.10)
Expressing it with Λ and keeping the leading order term, we get:
cγγ =
Z3v
2
48π2Λ2
. (5.3.11)
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Similarly, we can match the cZγ coefficients to the amplitude h → Zγ in the 2HDM
mediated by the H+ loop. The latter cannot be expressed in a simple form by analytic
functions, however in the limit of mH+ ≫ mh an analytic approximation can be found (see
also [168] and references within). We obtain (see also Appendix B):
cZγ =
g2L − g2Y
g2L + g
2
Y
Z3v
2
96π2Λ2
. (5.3.12)
EFT in the alignment limit
We also comment on the interesting case of alignment without decoupling. Our EFT is sup-
posed to be a good description of the 2HDM in the decoupling limit where all the additional
scalars are heavy. In general, the EFT will not work when one or more scalars are light, even in
the alignment limit. Indeed, if one of the new Higgs scalars are light, 2→ 2 fermion scattering
will display a pole at the energy equals to the scalar’s mass, which will not be captured by
the effective 4-fermion operators in Eq. (5.3.3). Similarly, double Higgs production will have
a pole at the new mass (if the other neutral scalar is light), which cannot be again described
by the correction to the triple Higgs coupling in Eq. (5.3.3).
However, it is possible that certain low-energy observables can still be adequately described
by our EFT, even when the 2HDM has additional light scalars with mH ∼ mh. The Higgs
couplings to matter are such observables, provided the 2HDM is in the alignment limit. More
precisely, we argue that from the constraints on the couplings δyf , cγγ , and cZγ in the EFT,
one can correctly infer constraints on the parameters of the 2HDM in the limit of alignment
without decoupling. However, to this end, the mapping between the parameters of the EFT
and the 2HDM has to be modified: instead of Eq. (5.3.4) and Eq. (5.3.11), we have to use the
following map:
[δyu,d,e]ij = −ηu,d,e
tβ
Z6
v2
Y2 +
v2
2 (Z345 − 2Z1)
δij ,
δλh3 = −
3Z26
2
v2
Y2 +
v2
2 (Z345 − 2Z1)
,
cγγ =
1
48π2
Z3v
2
Y2 + Z3v2/2
,
cZγ =
1
96π2
g2L − g2Y
g2L + g
2
Y
Z3v
2
Y2 + Z3v2/2
.
(5.3.13)
This follows from the fact that, for 2HDM, the EFT expansion is essentially an expansion in
cβ−α. Using that, Eq. (5.3.13) can be obtained by expanding the 2HDM Higgs couplings in
cβ−α and using the expression for cβ−α that is also valid for alignment without decoupling.
The new terms in the matching formulas are irrelevant in the decoupling limit Y2 ≫ v, however
they can be very important in the case of alignment without decoupling when Y2 ∼ v.
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5.4 Comparison of EFT and 2HDM description of Higgs cou-
plings
In this section we perform the fit to the inclusive LHC Higgs rate measurements in the full
2HDM. We then compare it with the analogous fit in the corresponding EFT at O(Λ−2), that
is, taking into account the linear corrections in D = 6 EFT parameters and neglecting all
higher order corrections. We will then compare the regions of the parameter space excluded
by the 2 methods. For this analysis we use the recent ATLAS+CMS combined 2D likelihoods
in the µggf+tth-µvbf+vh plane for the γγ, ZZ, WW , ττ , and bb¯ final states [116]. On top of
that, we are also using the individual ATLAS and CMS results summarised in Table 5.1.
Channel µATLAS µCMS Production Ref.
γγ 1.30+2.62−1.75 2.7
+2.4
−1.7 tth [114, 41]
Zγ 2.7+4.5−4.3 −0.2+4.9−4.9 total [114, 111]
ττ 1.5+1.1−1.1 1.2
+1.6
−1.5 tth [122]
µµ −0.7+3.7−3.7 0.8+3.5−3.4 total [114, 123]
multi-ℓ 2.1+1.4−1.2 3.8
+1.4
−1.4 tth [124]
Table 5.1 – The LHC Higgs results used in the analysis in addition to the combined
ATLAS+CMS 2D likelihoods in [116].
From Eq. (5.3.4) we see that the Higgs couplings measurements probe the combination of
parameters Zi/Λ2, thus we define: Z˜i ≡ Ziv2/Λ2. In general, 3 EFT parameters are generated
at tree level: δyu, δyd, δye and, at the loop level, two more parameters are relevant: cγγ and
cZγ . We recall their definition:
[δyu,d,e]ij = −ηu,d,e
tβ
Z˜6 , cγγ =
Z˜3v
2
48π2
, cZγ =
g2L − g2Y
g2L + g
2
Y
Z˜3v
2
96π2
. (5.4.1)
As a warm-up, we first present a general fit for these 5 parameters, we get:⎛⎜⎜⎜⎜⎜⎝
cγγ
cZγ
δyu
δyd
δye
⎞⎟⎟⎟⎟⎟⎠ =
⎛⎜⎜⎜⎜⎜⎝
0.001± 0.010
−0.002± 0.095
0.028± 0.13
−0.15± 0.17
−0.05± 0.15
⎞⎟⎟⎟⎟⎟⎠ , ρ =
⎛⎜⎜⎜⎜⎜⎝
1 0.06 −0.32 −0.61 −0.38
· 1 −0.03 −0.06 −0.04
· · 1 0.75 0.33
· · · 1 0.51
· · · · 1
⎞⎟⎟⎟⎟⎟⎠ . (5.4.2)
The Gaussian likelihood defined by Eq. (5.4.2) is the starting point for further analyses in
this section. In the following we will use Eq. (5.3.4) to derive Higgs constraints on specific
versions of the 2HDM.
For the Type-I model one has ηu = ηd = ηe = 1. Therefore, from Eq. (5.4.1), one can see
that the leading EFT corrections depend on only 2 combination of parameters: Z˜6/tβ and Z˜3.
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Figure 5.1 – Allowed 95% CL region in the cβ−α-tβ plane in the linearized dimension-6
EFT corresponding to type-I (left) and type-II (right) 2HDM (blue). This is compared to
the coupling fit directly in the 2HDM (green) where all non-linear terms in the likelihood
are kept. Also shown are contours of constant δyd in this plane.
For these parameters we obtain the following constraints:
Z˜6
tβ
= −0.04± 0.11 , Z˜3 = −3.9± 4.0 , (5.4.3)
with the correlation coefficient ρ = 0.37. Clearly, Z3 is very weakly constrained due to the fact
it only enters at one loop. Only very large |Z3| ≫ 1 can be excluded and only when Λ ∼ v.
The constraints on Z6, which enters at the tree-level, are much stronger. A consequence of
Eq. (5.4.3) is that cβ−α ∈ tβ[−0.18, 0.25] at 95% CL. For tβ ∼ 1 this means that the EFT
approach is self-consistent: the data itself forces us to be near the alignment limit, cβ−α ≪ 1,
where the EFT should work well. However, this is not the case for tβ ≫ 1, in which case
cβ−α ∼ 1 is allowed. If cβ−α is indeed large, this EFT approach fails, in particular, it is not
justified to neglect corrections to the hV V couplings. In other words, our EFT approach does
not properly capture the type-I model with large tβ . This can be see in the left panel of
Fig. 5.1. For small tβ the allowed region in the 2HDM and the corresponding EFT parameter
space agree very well. However, for tβ & 1 the EFT completely fails to capture the correct
constraints on the parameter space of the full model.
For the Type-II model, there are 3 different combination of parameters that enter the
EFT: Z˜6/tβ , Z˜6tβ , and Z˜3. For these parameters we obtain the following constraints:⎛⎜⎝Z˜6/tβZ˜6tβ
Z˜3
⎞⎟⎠ =
⎛⎜⎝−0.07± 0.11−0.09± 0.14
−0.4± 4.7
⎞⎟⎠ , ρ =
⎛⎜⎝ 1 −0.66 0.21· 1 −0.56
· · 1
⎞⎟⎠ . (5.4.4)
Disentangling Z6 and tβ , the best fit point (preferred only at 62% CL over the SM) occurs for
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Figure 5.2 – Allowed 95% CL region in the cβ−α-tβ plane in the linearized dimension-6
EFT corresponding to type-X (left) and type-Y(right) 2HDM (blue). This is compared to
the coupling fit directly in the 2HDM (green) where all non-linear terms in the likelihood
are kept. Also shown are contours of constant δye (for type-X) and δyd (for type-Y) in this
plane.
Z˜6 = −0.08 and tβ = 1.1, and the 95% confidence interval for Z˜6 is [−0.20, 0, 05]. This means
that, unlike for type-I, for the type-II 2HDM the data always forces us near the alignment
limit, independently of the value of tβ . This can be see in the right panel of Fig. 5.1. The
bulk of the allowed region in the 2HDM and in the corresponding EFT agree almost perfectly.
What the EFT is not able to capture is the disconnected region for a large tβ and large
cβ−α > 0: this is shown as allowed in the 2HDM, but not in the EFT. This region corresponds
to the “wrong-sign Yukawa”, where the Higgs couplings to bottom quarks and tau lepton has
approximately the SM magnitude but opposite sign. While the negative sign of the top Yukawa
coupling is now strongly disfavored (thanks to the measurement in the h→ γγ channel that
now agree well with the SM prediction), experimental discrimination of the sign of other
Yukawa couplings is currently very weak. The EFT at the linear order O(Λ−2) level does not
capture the wrong-sign solutions at all, because they correspond to a large, order 1 deviation
from the SM. On the other hand, EFT by its nature is designed to describe small deviations
from the SM.
The situation for the Type-X and Type-Y model is very similar as for type-II, see
Fig. 5.2 Again, the EFT works very well in the bulk of the parameter space, however it does
not capture the wrong-sign Yukawa best fit regions.
5.5 Dimension-8 EFT
So far we discussed the low-energy effective theory for 2HDM up to D = 6 terms. In this
section we sketch how D = 8 terms can be derived, and how they affect the physics picture
in the EFT.
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The full equation of motion for H2 reads:
0 = DµDµH2 + Y2H2 + Z3|H1|2H2 + Z4H1(H†1H2) + Z5H1(H†2H1) +
ηf
tβ
f¯RYffL
+ Y3H1 + Z6|H1|2H1 + Z7(H†1H2)H2 + Z∗7 (H†2H1)H2 + Z7|H2|2H1 + Z2|H2|2H2 .
(5.5.1)
As before, at tree-level we need to solve this equation and insert the solution back to the
Lagrangian. The task is more complicated now because, to derive D = 8 terms, we need
to deal with the non-linearities of the differential equation. To simplify our task we place
ourselves in the restricted case of CP-conserving 2HDM; this means, all the parameters of the
2HDM potential are real. The general case of CP-violating 2HDM is treated in Appendix B.
We will find the solution order-by-order in 1Y2 . This means we take the following ansatz:
H2 = H
(0)
2 +
1
Y2
H
(1)
2 +
1
Y 22
H
(2)
2 +O
(
1
Y 32
)
. (5.5.2)
It can be shown with this method that H(0)2 should be zero. Then, up to order
1
Y 22
, the solution
for H2 can be written as:
H2 =
1
Y2
C +
1
Y 22
[
−DµDµC − Z3|H1|2C −
(
Z4(H
†
1C) + Z5(C
†H1)
)
H1
]
, (5.5.3)
where:
C = −ηf
tβ
f¯RYffL − (Y3 + Z6|H1|2)H1 ; Y3 = −Z6
2
v2 . (5.5.4)
The first term in the solution is the same as in Eq. (5.3.1). The second terms represent the
higher-order corrections that will lead to D = 8 terms in the effective Lagrangian. Since C has
the same gauge transformation properties as the Higgs field, the covariant derivative acting
on C is the same as for H1 and H2.
Plugging this solution back into the original Lagrangian and keeping the terms up to order
1/Y 22 , the effective Lagrangian with up to dimension-8 operators is given by:
LD≤8eff = LSM−H + |DµH1|2 −
[
H†1 f¯RYffL + h.c.
]
−
[
Y1|H1|2 + Z1
2
|H1|4
]
+
1
Y2
|C|2 + 1
Y 22
[
|DµC|2 − Z3|H1|2|C|2 − Z4(C†H1)(H†1C)
]
− Z5
2Y 22
{
(H†1C)
2 + h.c.
}
,
(5.5.5)
where LSM−H stands for the SM Lagrangian without the Higgs part. The 1/Y 22 terms in
the last line represent the improvement with respect to the D = 6 Lagrangian derived in
Section 5.3.
What are the physical effects of theD = 8 terms we calculated? Expressing the Lagrangian
in terms of the mass eigenstates, and in particular, expanding the Higgs doublet H1 in the
limit where sβ−α ∼ 1, hence: H1 → v√2(0; 1 +
h
v )
T , the contributions to Higgs couplings from
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the different operators are:
• At order 1Y2 :
1
Y2
|C|2 → h
v
mf
Z6
Y2
v2
ηf
tβ
f¯f , (5.5.6)
in addition to a 4-fermion operator. The trilinear Higgs coupling shift from this operator
is given by the contribution:
h3
v3
3|Z6|2v6
2Y2
. (5.5.7)
• At order 1
Y 22
: for the operators that do not contain any covariant derivative, we find the
following Higgs couplings contributions, using Z345 ≡ Z3 + Z4 + Z5:
1
Y 22
[
−Z3|H1|2|C|2 − Z4(C†H1)(H†1C)
]
− Z5
2Y 22
{
(H†1C)
2 + h.c.
}
→ h
v
mf
Z345Z6
2
v4
Y 22
ηf
tβ
{
(f¯RfL)
†. ( 01 ) + h.c.
}
, (5.5.8)
whereas the trilinear Higgs coupling shift from these operators is given by the contribu-
tion:
− h
3
v3
5Z345|Z6|2
4
v8
Y 22
. (5.5.9)
• The following remaining operator gives a correction to the kinetic term of the Higgs
boson:
|DµC|2
Y 22
→ v
2
2
Z26v
4
Y 22
(∂µ
h
v
)2 , (5.5.10)
to be added to the Standard Model contribution v
2
2 (∂µ
h
v )
2 coming from the kinetic term
|DµH1|2. To recover the canonical normalization of the Higgs kinetic term, the Higgs
field needs to be redefined as:
h→ h√
1 +
Z26v
4
Y 22
≈ h
(
1− Z
2
6v
4
2Y 22
)
. (5.5.11)
This implies that all the Standard Model couplings are shifted by this universal value:
the gauge boson Higgs couplings and the Yukawa couplings. Concerning the Yukawa
couplings, the effect of this Higgs field shift is to add an extra order 1
Y 22
shift in addition
to the other ones. The gauge boson Higgs couplings hV V and h2V V are shifted only
due to this effect. The trilinear Higgs coupling gets an additional shift either.
Using the conventional parameterization for the dimension-6 Higgs basis (see Chapter 2
and [56]) and extended to dimension-8 operators, we finally find the following corrections to
the Yukawa couplings:
[δyf ]ij = −ηf
tβ
Z6
v2
Y2
δij +
ηf
tβ
Z345Z6
2
v4
Y 22
δij − Z
2
6v
4
2Y 22
δij . (5.5.12)
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We also obtain corrections to the trilinear Higgs coupling:
δλh3 = −
3Z26
2
v2
Y2
+
5Z345Z
2
6
4
v4
Y 22
− 3Z
2
6v
4
2Y 22
. (5.5.13)
The shift of the single Higgs coupling to gauge bosons generates the contribution:
∆LhV V = −Z
2
6v
4
2Y 22
h
v
[2m2WW
+
µ W
− µ +m2ZZµZ
µ] . (5.5.14)
Investigation of these effects on the comparison between the full 2HDM and the EFT
description is currently work in progress [164].
5.6 Summary
In this chapter we discussed the EFT for the CP-conserving 2HDM with softly broken Z2 sym-
metry. The natural expansion parameter in this case is the heavy Higgs mass term Λ =
√
Y2
in the VEV basis which, in the decoupling limit, translates to the mass scale of heavy scalar
partners of the SM Higgs boson. It is important to realize the limitations of the EFT descrip-
tion. We analysed this issue quantitatively, comparing the 2HDM and the EFT description of
Higgs couplings measurements at the LHC. In the analysed cases, the EFT at order O(Λ−2)
could properly capture the physics of the full 2HDM in the bulk of the parameter space al-
lowed by the data. However, certain features of the 2HDM are not properly captured at this
order. First of all, the wrong-sign Yukawa solution cannot be seen in the EFT, where only
the linear corrections in D = 6 EFT parameters are taken into account. Furthermore, for the
type-I model, the fact that the Higgs couplings to gauge bosons are not modified at the level
of D = 6 EFT operators, leads to an incomplete picture at high value of the tβ parameter. We
are planning to investigate if the EFT description is improved at the level of D = 8 operators.
Furthermore, it would be interesting to generalize our discussion to the case of CP-violating
2HDM. This last part is currently a work in progress [164].
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Conclusion
There are numerous hints, both theoretical and experimental, that the Standard Model needs
to be extended with a more fundamental theory. Many beyond-the-Standard Model theories
have been built with this aim in mind, while no direct signs of new physics have been yet
detected at the LHC to help us selecting the best theory candidates. These facts brought us
to study in this thesis the phenomenology of dimension-6 Higgs Effective Theory framework
in its linear realization and explore few of its consequences.
The first part of our work consisted in obtaining constraints, through their correspond-
ing effective Wilson coefficients, on a subset of all the possible effective operators of mass-
dimension 6 that can easily be constrained using the dataset from the first Run of the LHC
as well as electroweak precision test measurements from LEP, SLC and Tevatron. These op-
erators give rise to shifts of the Higgs boson couplings to fermions and to W± and Z bosons,
as well as photons and gluons. Both Charge-Parity conserving and violating operators were
allowed in the study. In particular we forbid at this step any possible flavour-violating oper-
ator. The present data from LHC is able to constrain the CP-even effective couplings to be
compatible with the Standard Model values at the level of 68% CL. When including the CP-
odd effective couplings in the fit we find that there exist sign degeneracies for them because
they are mostly constrained by their modulus. This confirms some previous studies. It is also
worth mentioning that there are large correlations between the CP-even and CP-odd Higgs
boson effective couplings to top quarks (Yukawa-type) and to gluons, due to the contributions
of Yukawa-type tth couplings in the top-quark loop in the h→ gg process in addition to the
effective hgg coupling.
The second part of our work consisted in relaxing the hypothesis of (leptonic or quark)
flavour violation and we have analysed the possibilities of observing such exotic Higgs decays at
the next run of the LHC. In the EFT framework the effective operators that can generate such
flavour-violating processes are of three types: Yukawa-like operators that may generate non-
vanishing off-diagonal elements in the Higgs coupling matrices to fermions; contact operators
between the Higgs boson, one fermionic current and vector bosons; and finally dipole-like
operators with one Higgs boson insertion. In UV-complete models such processes can be
generated as soon as there are additional scalars that couple to different fermions and to
themselves. In particular the EFT framework allows to use indirect constraints on flavour-
violating processes with no Higgs boson, to constrain flavour-violating processes with one
or more Higgs bosons, as they can be related via the effective operators. We have found
the following results: first, either h → τµ or h → τe is allowed to be large (at the percent
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level), that is, compatible with the CMS excess and be observable at the next run of the
LHC, without any tension on the existing τ → µγ bounds. However, the existing µ → eγ
constraints does not allow them to be simultaneously large. These same constraints enforce
h → µe to be at the level of 10−9 which is unobservable in practice at the next LHC run.
Second, flavour-violating top quark decays to Higgs and charm/up (t→ hc/u) can be allowed
as their branching fraction is close to the current LHC limits of 10−3; however constraints
from D-meson oscillations forbid both t → hc and t → hu to be large. Concerning 3-body
decays, only the Higgs boson decay h→Wbq (q = u, c) which has a branching fraction at the
same order of magnitude (∼ 10−4) as the observed h → ZZ∗ → 4ℓ, may be observed at the
next LHC run, barring large backgrounds. The other possible 3-body decays like h→ ℓℓ′γ or
h→ ℓℓ′Z are dramatically suppressed (their branching fractions are at least less than 10−11)
and will be unobservable even at the future 100TeV collider. On the contrary the t → hqV
process (with V = γ/g), even with a branching fraction as low as 10−10, may be observed at
the end of LHC Run-2 or at the future 100TeV collider where a number of ∼ O(1011) top
quark pairs can be produced and compensate for this low branching fraction.
These predictions are valid if our EFT framework holds, that is, if the possible new degrees
of freedom are heavy enough with respect to the currently probed electroweak scale, and in
the conditions of a linearly-realized electroweak symmetry breaking. Should these predictions
be invalidated by the observation of such 3-body processes, would mean that either new light
degrees of freedom exist or that electroweak symmetry breaking is non-linearly realized. It
is therefore instructive to know how the EFT description can fail. The last part of our work
was to consider a simple extension of the Standard Model: the Two-Higgs doublet model, in
which an additional Higgs SU(2) doublet is introduced in addition to the Standard Model
one. This extension captures most of the physics of the Higgs sectors of many beyond-the-
Standard Model theories, such as in supersymmetric extensions of the SM or some composite
Higgs models. In the case of CP-conserving 2HDM, we have seen that, in the decoupling limit
and after integrating out the second Higgs doublet, the resulting effective theory captures
the main features of the 2HDM. However some features are not properly captured using only
dimension-6 operators. The wrong-sign Yukawa solution is not seen in the EFT, and the EFT
description for the type-I model fails at large tanβ where the modifications of the Higgs boson
couplings to gauge bosons play a role. Such modifications are generated not at the level of
dimension-6 operators, but instead starting the level of dimension-8 operators. We plan to
investigate if, and how, the EFT description is improved with the inclusion of dimension-8
operators: this constitutes a work currently in progress. We are also interested to extend this
analysis and see how it is modified in the more general case of CP-violating 2HDM.
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Appendix for Chapter 3
A.1 One-loop corrections for the S, T , U parameters
A.1.1 One-loop corrections to the gauge bosons propagators
Considering only couplings with one Higgs boson in this work, the evaluated one-loop correc-
tions due to the effective Lagrangian have only one Higgs propagator.
V
h
νµ
V1 V2
p p
Figure A.1 – The one-loop correction V1–(V /H)–V2 with one Higgs boson.
We use a hard cut-off regularization scheme with a cut-off Λ (and Λ→ +∞) for computing
the loop integrals and we keep their divergences up to ln Λ2 order. We define Λ˜ ≡ ΛM ,M being
the EW scale to write a dimensionless quantity inside the logarithm. Now, after defining an
auxiliary function f and the projector P 2 as:
f(Λ2, p2,m2V ) =
1
16π2v2
[
Λ2 − ln Λ˜2
(
m2H +m
2
V −
p2
3
)]
, (A.1.1)
P 2µν =
(
p2gµν − pµpν
)
, (A.1.2)
the analytical expressions of the corrections up to order ln Λ˜2 read:
• Z–Z correction:
Z–(Z/H)–Z loop:
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Πµν =
−3κ2ZZ
8
Λ4
16π2v2
gµν −
[
c2Zm
2
Z + 3cZκZZm
2
Z −
3κ2ZZ
4
(
m2H +m
2
Z
)]
f(Λ2, p2,m2Z)gµν
+
3κ2ZZ
4
m2H
(
m2Z −
p2
3
)
ln Λ˜2
16π2v2
gµν − 4c2Zm2Z
(
m2Zgµν −
pµpν
3
) ln Λ˜2
16π2v2
+
[
c2ZZ − c˜2ZZ
2
+ cZκZZ +
3cZZκZZ
2
+
κ2ZZ
12
(
26− 3p
2
m2Z
)]
f(Λ2, p2,m2Z)P
2
µν
+
1
3
[
cZ (6cZZ + 16κZZ)m
2
Z −
(
c2ZZ +
8κ2ZZ
3
)
p2 −
(
3cZZ
2
+ κZZ
)
κZZ
(
m2H −m2Z + 3p2
)] ln Λ˜2
16π2v2
P 2µν
(A.1.3)
Z–(γ/H)–Z loop:
Πµν =
κ2Zγ
4
[
−3
2
Λ4
16π2v2
+ 3m2Hf(Λ
2, p2, 0)−m2Hp2
ln Λ˜2
16π2v2
]
gµν
+
[
c2Zγ − c˜2Zγ
2
+
3cZγκZγ
2
+
2κ2Zγ
3
]
f(Λ2, p2, 0)P 2µν
−
[(cZγ
2
+
κZγ
3
)
κZγ
(
m2H +
2p2
3
)
+ cZγ
(
cZγ +
κZγ
2
) p2
3
]
ln Λ˜2
16π2v2
P 2µν (A.1.4)
• W–W correction: There is only the W–(W/H)–W loop:
Πµν =
−3κ2WW
8
Λ4
16π2v2
gµν −
[
c2Wm
2
W + 3cWκWWm
2
W −
3κ2WW
4
(
m2H +m
2
W
)]
f(Λ2, p2,m2W )gµν
+
3κ2WW
4
m2H
(
m2W −
p2
3
)
ln Λ˜2
16π2v2
gµν − 4c2Wm2W
(
m2W gµν −
pµpν
3
) ln Λ˜2
16π2v2
+
[
c2WW − c˜2WW
2
+ cWκWW +
3cWWκWW
2
+
κ2WW
12
(
26− 3p
2
m2W
)]
f(Λ2, p2,m2W )P
2
µν
+
1
3
[
cW (6cWW + 16κWW )m
2
W −
(
c2WW +
8κ2WW
3
)
p2 −
(
3cWW
2
+ κWW
)
κWW
(
m2H −m2W + 3p2
)] ln Λ˜2
16π2v2
P 2µν
(A.1.5)
• γ–γ correction:
γ–(γ/H)–γ loop:
Πµν =
[
c2γγ − c˜2γγ
2
f(Λ2, p2, 0)− c2γγ
p2
3
ln Λ˜2
16π2v2
]
P 2µν (A.1.6)
γ–(Z/H)–γ loop:
Πµν =
[(
c2Zγ − c˜2Zγ
2
− κ2Zγ
p2
4m2Z
)
f(Λ2, p2,m2Z)−
(
c2Zγ + 3cZγκZγ + 3κ
2
Zγ
) p2
3
ln Λ˜2
16π2v2
]
P 2µν
(A.1.7)
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• Z → γ mixing:
Z–(Z/H)–γ loop:
Πµν =
[
cZZcZγ − c˜ZZ c˜Zγ
2
+
cZκZγ
2
+
3
4
κZZ (cZγ + κZγ)− κZZκZγ p
2
4m2Z
]
f(Λ2, p2,m2Z)P
2
µν
+
[
cZ(cZγ + 2κZγ)m
2
Z −
cZγκZZ
4
(m2H −m2Z + 3p2)− (2cZZcZγ + 3cZZκZγ + 8κZZκZγ)
p2
6
]
ln Λ˜2
16π2v2
P 2µν
(A.1.8)
Z–(γ/H)–γ loop:
Πµν =
[[
cZγcγγ − c˜Zγ c˜γγ
2
+
3cγγκZγ
4
]
f(Λ2, p2, 0)− cγγ
[
cZγ
p2
3
+
κZγ
4
(
m2H + p
2
)] ln Λ˜2
16π2v2
]
P 2µν
(A.1.9)
A.1.2 Corrections to S, T , U
Using our previous results in the Peskin-Takeuchi parameters, using: f(Λ2, 0, 0) = 1
16π2v2
(
Λ2 −m2H ln Λ˜2
)
and defining for a given vector boson V : ϵ(V ) =
(
c2V − 1
)− 6cV cV V − 10cV κV V + 3cV V κV V + 19κ2V V4 ,
we are led to the following expressions:
αS = 2s2wc
2
wf(Λ
2, 0, 0)
⎡⎢⎢⎢⎢⎢⎣
c2ZZ − c2γγ − c˜2ZZ + c˜2γγ + 2cZκZZ + 3 (cZZκZZ + cZγκZγ)
− c
2
w − s2w
swcw
(cZκZγ + cZZcZγ + cZγcγγ − c˜ZZ c˜Zγ − c˜Zγ c˜γγ)
− c
2
w − s2w
swcw
3
2
(cZγκZZ + cγγκZγ + κZZκZγ) +
13κ2ZZ + 4κ
2
Zγ
3
⎤⎥⎥⎥⎥⎥⎦
− 2s2wc2w
ln Λ˜2
16π2v2
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
2m2Z
3
ϵ(Z) +m2Z
(
c2ZZ − c2Zγ − c˜2ZZ + c˜2Zγ
)
+m2H
[
cZZκZZ + cZγκZγ + 2
κ2ZZ + κ
2
Zγ
3
− c
2
w − s2w
2swcw
(cZγκZZ + cγγκZγ)
]
+
c2w − s2w
swcw
m2Z
[
cZ (2cZγ + 3κZγ)− cZZcZγ + c˜ZZ c˜Zγ − cZγκZZ − 3κZZκZγ
2
]
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
,
(A.1.10)
αT =
3
8
Λ4
16π2v2
[
κ2ZZ + κ
2
Zγ
m2Z
− κ
2
WW
m2W
]
+ f(Λ2, 0, 0)
⎡⎢⎢⎢⎣
c2Z − c2W + 3cZκZZ − 3cWκWW − 3
κ2ZZ − κ2WW
4
− 3m
2
H
4
(
κ2ZZ + κ
2
Zγ
m2Z
− κ
2
WW
m2W
)
⎤⎥⎥⎥⎦
+ 3
ln Λ˜2
16π2v2
[
m2Z
(
c2Z − 1
)−m2W (c2W − 1)−m2ZcZκZZ +m2W cWκWW + m2Zκ2ZZ −m2Wκ2WW4
]
,
(A.1.11)
αU = 2s2wf(Λ
2, 0, 0)
⎡⎢⎢⎢⎣
c2WW − c˜2WW + 3cWWκWW − 3c2w (cZγκZγ + cZZκZZ)− 3cwsw (cγγκZγ + κZZκZγ + cZγκZZ)
+ 2
(
cWκWW − c2wcZκZZ − cwswcZκZγ
)
+ 13
κ2WW − c2wκ2ZZ
3
− 4c
2
wκ
2
Zγ
3
− (cwcZZ + swcZγ)2 − (cwcZγ + swcγγ)2 + (cw c˜ZZ + sw c˜Zγ)2 + (cw c˜Zγ + sw c˜γγ)2
⎤⎥⎥⎥⎦
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− 2
3
s2w
ln Λ˜2
16π2v2
⎡⎢⎢⎣
2m2W ϵ(W )− 2c2wm2Zϵ(Z) + 3m2W
(
c2WW − c˜2WW
)
+ 2m2H
(
κ2WW − c2wκ2ZZ − c2wκ2Zγ
)
+ 3m2H [cWWκWW − cwκZZ (cwcZZ + swcZγ)− cwκZγ (cwcZγ + swcγγ)]
− 3m2Z
[
(cwcZZ + swcZγ)
2 − (cw c˜ZZ + sw c˜Zγ)2 − cwsw (2cZ − κZZ) (2cZγ + 3κZγ)
]
⎤⎥⎥⎦ .
(A.1.12)
After removal of the power divergences in the S, T , U parameters by using relations 3.3.24,
3.3.25, 3.3.26 and 3.3.27, only the following logarithmic contributions remain present:
αS = −s2wc2w
ln Λ˜2
8π2v2
m2Z
⎡⎢⎢⎣ c
2
ZZ − c˜2ZZ − c2Zγ + c˜2Zγ −
c2w − s2w
swcw
(cZZcZγ − c˜ZZ c˜Zγ)
+ 2
(
c2V − 1
3
− cV cZZ − cV cγγ
)
⎤⎥⎥⎦
= −s2wc2w
ln Λ˜2
8π2v2
m2Z
⎡⎢⎢⎣ c
2
γγ − c˜2γγ − c2Zγ + c˜2Zγ +
c2w − s2w
swcw
(cγγcZγ − c˜γγ c˜Zγ)
+ 2
(
c2V − 1
3
− 2cV cγγ − c
2
w − s2w
swcw
cV cZγ
)
⎤⎥⎥⎦ , (A.1.13)
αT = 3
ln Λ˜2
16π2v2
m2Zs
2
w
(
c2V − 1
)
, αU = 0 . (A.1.14)
A.2 A word on the ATLAS & CMS 2D likelihoods
The ATLAS and CMS experiments give Higgs signal rates µˆ in many forms: usually their
central values with the 68% CL intervals are known, or 95% CL upper limits are given in which
case we reconstruct them assuming Gaussian errors. For some decay channels (H → γγ, ZZ,
WW and ττ) they give instead 2D likelihood functions defined in the µˆggH+ttH–µˆV BF+V H
plane. Those functions encode the non-trivial correlations between the rates measured for the
ggH/ttH or V BF/V H production modes.
For the H → γγ, ZZ andWW decay channels given by ATLAS [93, 94, 95, 96], numerical
data for the 2D likelihoods are given for a limited range of signal strengths. In this case we
use a basic polynomial interpolation of order 1 in the range of signal strengths of interest.
However, for other channels, only the 95% CL or 68% CL contours of the 2D likelihoods
are given, as in the case of H → ττ by ATLAS [97] and H → γγ, ZZ, WW and ττ by
CMS [103, 104, 105, 106].
When this happens we must build an approximate description for the 2D likelihood func-
tion: a chosen reconstruction method is described in the following. First, we fit a quadratic-
cubic 2D likelihood polynom inside the enclosed region of a given (closed) 95% CL contour in
the µˆggH+ttH–µˆV BF+V H plane, such that its section corresponding to 95% CL passes through
almost all of the points of this contour. Then, this 95% CL contour is approximated by its
minimal enclosing ellipse. The minimal enclosing ellipse construction is based on the original
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Welzl’s algorithm [169], but we use an improved version due to Gärtner et al. [170] of which
an implementation was written in [171]. Finally, we compute a 2D quadratic polynom such
that its minimum coincides with the best-fit point for the given contour, and its section at
95% CL is precisely the computed minimal enclosing ellipse. The reconstructed 2D likelihood
is then a piecewise function: the first part is the fitted quadratic-cubic 2D likelihood polynom
in the region ≤ 95% CL; the second part is made of all the points in the region between this
contour and the minimal enclosing ellipse and are set to 95% CL. The third part consists of
the fitted 2D quadratic polynom in the region ≥ 95% CL.
It is expected from this construct that the correlations between the signal rates are better
taken into account in the region ≤ 95% CL, which is circumscribed by the minimal enclosing
ellipse (purple line in the following graphs), contrary to with a simple quadratic approximation
(orange lines in the graphs). Outside of this region the knowledge of the contours only is not
sufficient to describe the signal strengths correlations, so we suppose that the 2D likelihood
is Gaussian-like outside this region. A full qualitative study of the influence of the different
contour shapes in the results of the fits is beyond the scope of this work.
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Figure A.2 – CMS 2D likelihoods for H → γγ, ZZ, WW and ττ . The described con-
struction is used.
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Figure A.3 – ATLAS 2D likelihoods for H → γγ, ZZ, WW (left), and H → ττ (right).
We use the numerical data provided by ATLAS for γγ, ZZ and WW , and the described
construction for ττ .
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Appendix B
2HDM and EFT (Chapter 5)
B.1 1-loop contributions to h→ γγ and h→ Zγ in the 2HDM
B.1.1 h→ γγ
In the 2HDM the couplings of the (lightest) Higgs boson h to the SM gauge bosons are
resized by the common factor sin(β − α). The couplings to fermions can be expressed as:
−imfv (a + ibγ5), where a and b are the ratios of cos and sin of α and β (see the table in
Chapter 5). The CP-odd part ∝ b is only present in the general 2HDM, and not in the
CP-conserving 2HDM.
The processes contributing to h → γγ and h → Zγ can be split into two parts: the ones
already present in the Standard Model, which are resized by sin(β − α) (Fig. B.1) and the
new processes only present in the 2HDM, that are mediated by a scalar loop (Fig. B.2):
h
V2ν
V1µ
h
V2ν
V1µ
h
V2ν
V1µ
Figure B.1 – (Left) Fermionic loop. The diagram obtained by permuting the two external
photons must be taken into account. (Center and Right) Bosonic loops. The computations
should be done preferably not in unitary gauge. The Goldstone bosons G± must be taken
into account.
We recall there the couplings between the lightest neutral Higgs h, the charged Higges
H±, the vectors bosons V = γ, Z and fermions f :
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h
V2ν
V1µ
h
V2ν
V1µ
Figure B.2 – The charged scalar loops, only present in the 2HDM.
GhV1V2 = ghV1V2gµν ; Ghff = −i
mf
v
(a+ ibγ5) ; GhHH = ghHH ;
GHHV = gHHV (p− − p+)µ ; Gffγ = gffγγµ ; GffZ = (gffZ + g˜ffZγ5)γµ ;
GHHγγ = gHHγγgµν ; GHHZγ = gHHZγgµν ,
(B.1.1)
where their Lorentz structure was factored out. In the 2HDM we have:
ghV1V2 = g
SM
hV1V2 sin(β − α) ; Ghff = −i
mf
v
(a+ ibγ5) ;
gHHγ = ieQs ; gHHZ = ig
c2W
2cW
; gffγ = ieQf ;
gHHγγ = 2ie
2Q2s ; gHHZγ = ieg
c2W
cW
,
(B.1.2)
where: cW ≡ cos θW and c2W ≡ cos(2θW ). In the following computations we keep the general
couplings names to remain general.
Feynman rules
The Feynman rules for AµνAµν and AµνA˜µν , where A˜µν = 12ϵ
µνρσAρσ is the dual field-strength
tensor, are established in the following:
• For AµνAµν :
AµνA
µν = (∂µAν − ∂νAµ)(∂µAν − ∂νAµ) = 2[(∂µAν)(∂µAν)− (∂µAν)(∂νAµ)] (B.1.3)
Keeping track where the derivatives apply, and using integration by parts:
(B.1.3)→ 2[(∂1µA1ν)(∂2;µA2;ν)− (∂1µA1ν)(∂2;νA2;µ)] IPP= − 2A1ν(∂1µ∂2;µA2;ν − ∂1µ∂2;νA2;µ)
= − 2A1µ(∂1∂2gµν − ∂1ν∂2;µ)A2;ν
(B.1.4)
By going to Fourier space1, we get:
(B.1.4)⇒ +2(k1 · k2gµν − k1νk2;µ)ϵ1µϵ2;ν (B.1.5)
1We get a factor i2 = −1.
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where ϵi are the polarization vectors. The Feynman rule is obtained by multiplying with
(−i) and a factor of 2 corresponding to the number of possible permutations of the
photons (this factor would not be present for example in Zµνγµν):
AµνA
µν ⇒ −4i(k1 · k2gµν − k1νk2;µ)ϵ1µϵ2;ν (B.1.6)
• For AµνA˜µν : Using the same method, we have:
AµνA˜
µν =
1
2
Aµνϵ
µνρσAρσ = 2ϵ
µνρσ(∂µAν)(∂ρAσ) (B.1.7)
Keeping track where the derivatives apply, then using integration by parts, we get:
(B.1.7)→ 2ϵµνρσ(∂1µA1ν)(∂2ρA2σ) IPP= − 2ϵµνρσA1ν∂1µ∂2ρA2σ (B.1.8)
Going to Fourier space:
(B.1.8)⇒ +2ϵµνρσk1µk2ρϵ1νϵ2σ = −2ϵµνρσk1ρk2σϵ1µϵ2ν (B.1.9)
where the ϵ are the polarization vectors, and in the last equality we permuted and
renamed indices. The Feynman rule is obtained by multiplying with (−i) and a factor
of 2 corresponding to the number of possible permutations of the photons:
AµνA˜
µν ⇒ +4iϵµνρσk1ρk2σϵ1µϵ2ν (B.1.10)
The Feynman rules for Zµνγµν and Zµν γ˜µν are obtained in a similar way:
Zµνγ
µν ⇒ −2i(k1 · k2gµν − k1νk2;µ)ϵ1µϵ2;ν ; Zµν γ˜µν ⇒ +2iϵµνρσk1ρk2σϵ1µϵ2ν (B.1.11)
Fermionic loop
After computations, the fermionic contribution Mµνf reads (with polarization vectors ϵ1µϵ2ν
factored out):
iMµνf =
i
16π2
4mf
p1 · p2 × (−1)i
3g2ffγ × 2×
−imf
v
×[
a[(2m2f − p1 · p2)C0(0, 0, 2p1 · p2,m2f ,m2f ,m2f ) + 1](gµνp1 · p2 − pν1pµ2 )
−b(p1 · p2)C0(0, 0, 2p1 · p2,m2f ,m2f ,m2f )ϵµνρσp1ρp2σ
]
=
i
16π2
× 4m
2
f
m2h
× −ge
2
mW
Q2f×[
a[(4m2f −m2h)C0(0, 0,m2h,m2f ,m2f ,m2f ) + 2](gµνp1 · p2 − pν1pµ2 )
−b m2hC0(0, 0,m2h,m2f ,m2f ,m2f )ϵµνρσp1ρp2σ
]
(B.1.12)
where we used v = (2/g)mW . The CP-even term proportional to a has the well-known ex-
pected Lorentz gauge-invariant structure corresponding to AµνAµν and the CP-odd term
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proportional to b corresponds to AµνA˜µν .
Scalar loop
The scalar contributionMµνs can be written as (with polarization vectors ϵ1µϵ2ν factored out):
Mµνs =Mµνs1 +Mµνs2 (B.1.13)
where s1 and s2 correspond to the triangle and the “seagull” diagrams, respectively. We have,
with: p1 · p2 = m
2
h
2 :
iMµνs1 =
i
16π2
× (−i)g2HHγghHH ×
2
p1 · p2
[
(2m2HC0(0, 0, 2p1 · p2,m2H ,m2H ,m2H) + 1)(gµνp1 · p2 − pν1pµ2 )
+gµνp1 · p2B0(2p1 · p2,m2H ,m2H)
]
(B.1.14)
iMµνs2 =
i
16π2
× (−1)ghHHgHHγγ × gµνB0(2p1 · p2,m2H ,m2H) (B.1.15)
where using v = (2/g)mW . Mµνs2 must cancel the term proportional to gµνB0 in Mµνs1 to
maintain gauge invariance, and it does that if:
gHHγγ = −2ig2HHγ (B.1.16)
This is indeed the case in the 2HDM when using the corresponding values of the couplings.
Finally we obtain:
iMµνs =
i
16π2
× ghHHgHHγγ × 2
m2h
(2m2HC0(0, 0,m
2
h,m
2
H ,m
2
H ,m
2
H) + 1)(g
µνp1 · p2 − pν1pµ2 )
(B.1.17)
A loop function
A small computation: using ∆ = m2 − x0x1p2, we have:
C0(0, 0, p
2,m2,m2,m2) = ... =
(2π)4
iπ2
2
∫ 1
0
dx0
∫ 1−x0
0
dx1
{
µϵ
∫
dd l
(2π)d
1
(l2 −∆)3 =
−i
16π2 × 2∆
}
= −
∫ 1
0
dx0
∫ 1−x0
0
dx1
1
m2 − x0x1p2 = −
1
2m2
τ−1f(τ)
(B.1.18)
where: τ = p
2
4m2
and the 1-loop function:
f(τ) =
⎧⎪⎪⎨⎪⎪⎩
[
arcsin
√
τ
]2
; τ ≤ 1
− 1
4
[
ln
1 +
√
1− τ−1
1−√1− τ−1 − iπ
]2
; τ > 1
(B.1.19)
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Summary
We now sum up everything, using the definition of the f(τ) function:
iMµνf =
i
16π2
× −ge
2
mW
Q2f ×
[
aA1/2(τf )× (gµνp1 · p2 − pν1pµ2 ) + bAA1/2(τf )× ϵµνρσp1ρp2σ
]
,
(B.1.20)
iMµνs =
i
16π2
× ghHH × −ie
2Q2s
m2H
A0(τH)× (gµνp1 · p2 − pν1pµ2 ) , (B.1.21)
τf =
m2h
4m2f
; τH =
m2h
4m2H
, (B.1.22)
where, by using the notation of [172]:
A1/2(τ) = 2[τ + (τ − 1)f(τ)]τ−2 (B.1.23)
AA1/2(τ) = 2τ
−1f(τ) (B.1.24)
A0(τ) = −[τ − f(τ)]τ−2 . (B.1.25)
In general, a fermion f with mass mf and charge Qf or a complex scalar s with mass ms and
charge Qs, coupled to the Higgs as:
L ⊃ −Yfhff − Ysvhs†s , (B.1.26)
we get the following matching:
L ⊃ −Yfhff − Ysvhs†s = −(mf
v
a)hff + ghHHhs
†s ⇒ a = Yf v
mf
; ghHH = −iYsv .
(B.1.27)
For the hγγ effective coupling we use the following normalization: hv×cγγ e
2
4 AµνA
µν . Redefining
the loop functions as:
Af (τ) =
3
2
[τ + (τ − 1)f(τ)]τ−2 = 3
4
A1/2(τ) (B.1.28)
AAf (τ) =
3
4
AA1/2(τ) (B.1.29)
As(τ) = 3[f(τ)− τ ]τ−2 = 3A0(τ) (B.1.30)
and recalling the Feynman rule: (gµνp1 · p2 − pν1pµ2 )ϵ1µϵ2ν corresponds to i4AµνAµν , we get:
iMµνf ϵ1µϵ2ν ⇒ i
e2
4v
× Yf v
mf
−2Q2f
3π2
Af (τf )× i
4
AµνA
µν =
e2
4v
× Yf v
mf
Q2f
6π2
Af (τf )×AµνAµν
(B.1.31)
iMµνs ϵ1µϵ2ν ⇒
e2
4v
× Ys v
2
m2H
Q2s
48π2
As(τH)×AµνAµν . (B.1.32)
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We can therefore read-off the cγγ coefficient from: i(Mµνf +Mµνs )ϵ1µϵ2ν ≡ e
2
4v cγγAµνA
µν :
cγγ = Yf
v
mf
Q2f
6π2
Af (τf ) + Ys
v2
m2H
Q2s
48π2
As(τH) = a
Q2f
8π2
A1/2(τf ) + ghHH
v
m2H
Q2s
48π2
3A0(τH) .
(B.1.33)
We also find the effective coupling hv×c˜γγ e
2
4 AµνA˜
µν . Recalling the Feynman rule: ϵµνρσk1ρk2σϵ1µϵ2ν
corresponds to −i4 AµνA˜
µν , we obtain:
iMµνf ϵ1µϵ2ν ≡
e2
4v
× −Q
2
f
8π2
bAA1/2(τf )×AµνA˜µν =
e2
4v
c˜γγAµνA˜
µν → c˜γγ = −b
Q2f
8π2
AA1/2(τf ) .
(B.1.34)
B.1.2 h→ Zγ
Kinematics: p = p1 + p2; p2 = m2h; p
2
1 = m
2
Z ; p
2
2 = 0; 2p1 · p2 = m2h −m2Z .
Fermionic loop
For the fermion loop, we need to replace a priori Gffγ = gffγγµ by GffZ = (gffZ+ g˜ffZγ5)γµ
since the Z couplings to fermions have a vector and an axial part. Doing that, the fermion-loop
contribution to Zγ reads (with polarization vectors ϵ1µϵ2ν factored out):
iMµνf =
i
16π2
4mf
p1 · p2 × (−1)i
3gffγgffZ × 2× −imf
v
×[
a[(2m2f − p1 · p2)C0(p21, 0,m2Z + 2p1 · p2,m2f ,m2f ,m2f ) + 1](gµνp1 · p2 − pν1pµ2 )
+a
m2Z
2(p1 · p2) [B0(m
2
Z + 2p1 · p2,m2f ,m2f )−B0(p21,m2f ,m2f )](gµνp1 · p2 − pν1pµ2 )
−b(p1 · p2)C0(p21, 0,m2Z + 2p1 · p2,m2f ,m2f ,m2f )ϵµνρσp1ρp2σ
]
=
i
16π2
× 4m
2
f
v(p1 · p2) ×
ge
2cW
Qf × gV×[
a[(4m2f +m
2
Z −m2h)C0(m2Z , 0,m2h,m2f ,m2f ,m2f ) + 2](gµνp1 · p2 − pν1pµ2 )
+a
m2Z
p1 · p2 [B0(m
2
h,m
2
f ,m
2
f )−B0(m2Z ,m2f ,m2f )](gµνp1 · p2 − pν1pµ2 )
−b× 2(p1 · p2)C0(m2Z , 0,m2h,m2f ,m2f ,m2f )ϵµνρσp1ρp2σ
]
(B.1.35)
We note that interestingly, the Z axial part (∝ g˜ffZ) does not appear in the final result.
Only the vectorial part is present because of charge conjugation invariance, as explained in
A. Djouadi’s review [167], page 93.
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Scalar loop
It is again extremely similar to the case h → γγ, but with p21 = m2Z = p22, g2HHγ ⇒ gHHZ ×
gHHγ and gHHγγ ⇒ gHHZγ . We have:
Mµνs =Mµνs1 +Mµνs2 (B.1.36)
where s1 and s2 correspond to the triangle and the “seagull” diagrams, respectively. We have:
iMµνs1 =
i
16π2
× (−i)gHHγgHHZghHH × 2
p1 · p2
[
(2m2HC0(m
2
Z , 0,m
2
h,m
2
H ,m
2
H ,m
2
H) + 1)(g
µνp1 · p2 − pν1pµ2 )
+
m2Z
2(p1 · p2) [B0(m
2
h,m
2
H ,m
2
H)−B0(m2Z ,m2H ,m2H)](gµνp1 · p2 − pν1pµ2 ) + gµνp1 · p2B0(m2h,m2H ,m2H)
]
(B.1.37)
iMµνs2 =
i
16π2
× (−1)ghHHgHHZγ × gµνB0(m2h,m2H ,m2H) (B.1.38)
Again the “seagull” contributionMs2 must cancel the central part of the triangle diagram
in Ms1, if:
gHHZγ = −2igHHZ × gHHγ (B.1.39)
this relation is again verified in the 2HDM:
gHHZγ = −2igHHZ × gHHγ = −2i× ig c2W
2cW
× ie = ieg c2W
cW
= the expected gHHZγ . (B.1.40)
The charged Higgs scalar loop amplitude can be rewritten [173] as:
iMµνs =
i
16π2
× ge
2YsQs
mW
YH(g
µνp1 · p2 − pν1pµ2 ) (B.1.41)
with:
YH =
c2W − s2W
cW sW
v2
m2h −m2Z
[
(2m2HC0(m
2
Z , 0,m
2
h,m
2
H ,m
2
H ,m
2
H) + 1)
+
m2Z
m2h −m2Z
[B0(m
2
h,m
2
H ,m
2
H)−B0(m2Z ,m2H ,m2H)]
]
(B.1.42)
By defining the following auxiliary loop functions (see [167]):
If (Tf ,Λf ) = −4[I2(Tf ,Λf )− I1(Tf ,Λf )] (B.1.43)
with the variables:
Tf =
4m2f
m2h
≡ τ−1f ; Λf =
4m2f
m2Z
(B.1.44)
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and:
I1(T,Λ) =
TΛ
2(T − Λ) +
T 2Λ2
2(T − Λ)2 [f(T
−1)− f(Λ−1)] + T
2Λ
(T − Λ)2 [g(T
−1)− g(Λ−1)]
(B.1.45)
I2(T,Λ) = − TΛ
2(T − Λ)[f(T
−1)− f(Λ−1)] (B.1.46)
with the function f(τ) defined earlier, and the new auxiliary function g defined as:
g(τ) =
⎧⎪⎪⎨⎪⎪⎩
τ−1
√
τ−1 − 1 arcsin√τ ; τ ≤ 1
√
1− τ−1
2
[
ln
1 +
√
1− τ−1
1−√1− τ−1 − iπ
]
; τ > 1
(B.1.47)
the quantity YH can be reexpressed using the relations:
C0(m
2
Z , 0,m
2
h,m
2
H ,m
2
H ,m
2
H) = −
1
m2H
I2(T,Λ) (B.1.48)
and:
B0(m
2
h,m
2
H ,m
2
H)−B0(m2Z ,m2H ,m2H) = −
m2h −m2Z
m2Z
−(m
2
h −m2Z)2
2m2Hm
2
Z
I1(T,Λ)+2
m2h −m2Z
m2Z
I2(T,Λ)
(B.1.49)
Summary
The effective hZγ dimension-6 operators are: hv × cZγ gg
′
2 ZµνA
µν and hv × c˜Zγ gg
′
2 ZµνA˜
µν . The
computed contributions correspond to the normalization hZµνAµν (same for CP-odd), there-
fore the quantity gg
′
2v needs to be factored out. Using the Feynman rules: (g
µνp1 ·p2−pν1pµ2 )ϵ1µϵ2ν
corresponds to i2ZµνA
µν , and ϵµνρσk1ρk2σϵ1µϵ2ν corresponds to
−i
2 ZµνA˜
µν , we finally get:
iMµνs ⇒
i
16π2
gg′
2v
× 2v
gg′
ge2YsQs
mW
YH × i
2
ZµνA
µν = −gg
′
2v
× evYsQs
16π2mZ
YH × ZµνAµν = gg
′
2v
cZγZµνA
µν
→ cZγ = − evYsQs
16π2mZ
YH
(B.1.50)
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B.2 Equation of motion for H2 up to dimension-8 operators
In this section we consider a general complex 2HDM. We recall the form of the Lagrangian
in the 2HDM Higgs Basis:
L = LBosons+Fermions KineticSM + |DµH1|2 + |DµH2|2 + LY − V (H1, H2) (B.2.1)
−LY = YuuRH˜1
†
QL + YddRH
†
1QL + YeeRH
†
1LL +
ηu
tβ
YuuRH˜2
†
QL
+
ηd
tβ
YddRH
†
2QL +
ηe
tβ
YeeRH
†
2LL + h.c.
(B.2.2)
For each gauge group U(1)Y , SU(2)L and SU(3)C correspond the vector fields V = B,W i, Ga
respectively (with i = 1, 2, 3 and a = 1 . . . 8) and we denote by taV and gV the corresponding
generators and gauge couplings for each group. The covariant derivative is:
Dµ = ∂µ − i
∑
V
gV t
a
V V
a
µ ≡ ∂µ − i(gVµ) (B.2.3)
which acts differently on the different fields according to their quantum numbers/representation
(see Chapter 1). Here we focus on the one which acts on the Higgs doublets, which are singlet
for SU(3)C , doublet for SU(2)L and of hypercharge 1/2 (in the normalization Q = T3 + Y ).
We have in particular2:
|DµH|2 = (∂µH − i(gV µ)H)†(∂µH − i(gVµ)H)
= |∂µH|2 +H†(gV µ)†(gVµ)H − i(∂µH)†(gVµ)H + iH†(gV µ)†(∂µH) (B.2.4)
The Euler-Lagrange equation ∂µ ∂L∂∂µφ − ∂L∂φ = 0 for H2, writes:
0 = ∂2H2 − i∂µ[(gVµ)H2]− i(gV µ)†(∂µH2)− (gV µ)†(gVµ)H2
+ Y2H2 + Z3|H1|2H2 + Z4H1(H†1H2) + Z∗5H1(H†2H1)
+
ηf
tβ
YffRH
†
2fL + Y
∗
3 H1 + Z
∗
6 |H1|2H1
+ Z7(H
†
1H2)H2 + Z
∗
7 (H
†
2H1)H2 + Z
∗
7 |H2|2H1 + Z2|H2|2H2 (B.2.5)
and the EOM for H†2 is the hermitian conjugate of the one for H2. Normally the EOM for H
†
2
is needed because, as soon as the non-linear terms are kept, H†2 is present in the EOM of H2,
and mutatis mutandis for the EOM of H†2 .
The first line of the equation is a gauge-invariant term which can be rewritten as:
∂2H2 − i∂µ[(gVµ)H2]− i(gV µ)†(∂µH2)− (gV µ)†(gVµ)H2
= [∂µ − i(gV µ)†][∂µ − i(gVµ)]H2
≡ D˜µDµH2 (B.2.6)
2Only in the very particular case of the unitary gauge, where H = (0;h)T , we have: |DµH|2 → (∂µh)2 +
(gV µ)†(gVµ)h2.
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where
D˜µ = ∂µ − i(
∑
V
gV t
a
V V
aµ)† ≡ ∂µ − i(gV µ)† (B.2.7)
is the hermitian conjugate of the covariant derivative in the conjugate fundamental represen-
tation. The gauge part writes:
(gVµ) ≡ gσ
i
2
W iµ +
g′
2
Bµ =
1
2
(
gW 3µ + g
′Bµ
√
2gW+µ√
2gW−µ −gW 3µ + g′Bµ
)
, (B.2.8)
and we notice that:
(gVµ)
† = (gVµ) so in our special case, D˜µ = Dµ . (B.2.9)
This is understandable because the covariant derivative is built such that DµH2 transforms
the same way as H2. Because the “good” covariant derivative which can be applied on H2 is
the Dµ as defined above, then the “good” covariant derivative which can be applied on DµH2
is also Dµ, hence the equality. Hence, as a shorthand notation, we note: D˜µDµ = D2. The
square of the gauge term is equal to:
(gV )†.(gV ) = (gV ).(gV ) =
1
4
(
(gW 3 + g′B)2 + 2g2W+W− 2
√
2gg′W+B
2
√
2gg′W−B (−gW 3µ + g′Bµ)2 + 2g2W−W+
)
.
(B.2.10)
The equation of motion for H2 can be rewritten as:
(D2+Y2)H2 = C(xµ)+D(xµ)·H2+H†2 ·E(xµ)−
[
Z7(H
†
1H2) + Z
∗
7 (H
†
2H1)
]
H2−Z∗7 |H2|2H1−Z2|H2|2H2
(B.2.11)
where the coefficients C, D and E are combinations of fields (which depend on space-time
points xµ); matrix multiplication is denoted by · (dot).
C(xµ) = −ηf
tβ
YffRH
†
2fL − (Y ∗3 + Z∗6 |H1|2)H1 (B.2.12)
D(xµ) = −Z3|H1|212 − Z4H1H†1 (self-hermitian) (B.2.13)
E(xµ) = −Z∗5H1H1 (Not a matrix) (B.2.14)
B.2.1 Approximate solution by expansion of H2
In this section we suppose that H2 can be expanded in (positive) powers of 1Y2 as in the
following ansatz:
H2 = H
(0)
2 +
1
Y2
H
(1)
2 +
1
Y 22
H
(2)
2 +O
(
1
Y 32
)
. (B.2.15)
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After expansion order by order and keeping terms up to order 1
Y 22
included, we obtain:
D2
[
H
(0)
2 +
1
Y2
H
(1)
2 +
1
Y 22
H
(2)
2
]
+ Y2
[
H
(0)
2 +
1
Y2
H
(1)
2 +
1
Y 22
H
(2)
2
]
= C(xµ) +D(xµ) ·
[
H
(0)
2 +
1
Y2
H
(1)
2 +
1
Y 22
H
(2)
2
]
+
[
H
(0)
2 +
1
Y2
H
(1)
2 +
1
Y 22
H
(2)
2
]†
· E(xµ)
−
[
Z7(H
†
1H2) + Z
∗
7 (H
†
2H1)
]
H2 − Z∗7 |H2|2H1 − Z2|H2|2H2 .
(B.2.16)
Considering this equation order by order in 1Y2 , we find the following: first, Y2H
(0)
2 = 0,
therefore all the occurences of H(0)2 = 0 and in particular the non-linear terms start at order
1
Y 22
. Then, H(1)2 = C(xµ) −D2H(0)2 +D(xµ) ·H(0)2 +H(0) †2 · E(xµ) = C(xµ) in virtue of the
cancellation of H(0)2 . Finally we obtain the following two equations:
D2H
(1)
2 +H
(2)
2 = D(xµ) ·H(1)2 +H(1) †2 · E(xµ) , (B.2.17)
D2H
(2)
2 +H
(3)
2 = D(xµ) ·H(2)2 +H(2) †2 · E(xµ) +
[
Z7(H
†
1H
(1)
2 ) + Z
∗
7 (H
(1) †
2 H1)
]
H
(1)
2 + Z
∗
7 |H(1)2 |2H1 .
(B.2.18)
The cubic term ∝ Z2 appears starting the next order. Up to order 1Y 22 , the solution for H2 is
therefore:
H2 =
1
Y2
C +
1
Y 22
[
D(xµ) · C + C† · E(xµ)−D2C
]
=
1
Y2
C +
1
Y 22
[
−D2C − Z3|H1|2C −
(
Z4(H
†
1C) + Z
∗
5 (C
†H1)
)
H1
]
. (B.2.19)
Starting order 1
Y 32
, the non-linear terms (in red) appear:
1
Y 32
[
D(xµ) ·H(2)2 −D2H(2)2 +H(2) †2 · E(xµ) +
[
Z7(H
†
1C) + Z
∗
7 (C
†H1)
]
C + Z∗7 |C|2H1
]
+· · · .
(B.2.20)
B.2.2 Tree-level effective D = 6, 8 Lagrangian
We now replace H2 by its solution3 inside the original effective Lagrangian, and obtain the
tree-level effective Lagrangian with operators up to dimension-8 (expansion up to O
(
1
Y 32
)
terms):
LBosons+Fermions KineticSM + |DµH1|2 remain the same; (B.2.21)
|DµH2|2 ⇒ 1
Y 22
|DµC|2 where the covariant derivative is the one for H2 (B.2.22)
3Since H2 starts at order 1Y2 , to get all the operators up to dimension 8 we just need to keep the lowest
order term when we encounter a H22 term, but keep everything when we have a linear term.
134 APPENDIX B. 2HDM AND EFT (CHAPTER 5)
− LY = H˜1
†
ucYuq +H
†
1d
cYdq +H
†
1e
cYeℓ+
ηf
tβ
YffRH
†
2fL + h.c.
⇒ YuuRH˜1
†
QL + YddRH
†
1QL + YeeRH
†
1LL +
1
Y2
ηf
tβ
YffRC
†fL + h.c.
+
1
Y 22
ηf
tβ
YffR
[
−D2C − Z3|H1|2C −
(
Z4(H
†
1C) + Z
∗
5 (C
†H1)
)
H1
]†
fL + h.c.
(B.2.23)
V (H1, H2)⇒ Y1|H1|2 + Z1
2
|H1|4 + 1
Y2
|C|2 +
{
Y3 + Z6|H1|2
Y2
H†1C + h.c.
}
+
Z3
Y 22
|H1|2|C|2
+
Z4
Y 22
(H†1C)(C
†H1) +
1
Y 22
{
C†
[
−D2C − Z3|H1|2C −
(
Z4(H
†
1C) + Z
∗
5 (C
†H1)
)
H1
]
+ h.c.
}
+
{
Y3 + Z6|H1|2
Y 22
H†1
[
−D2C − Z3|H1|2C −
(
Z4(H
†
1C) + Z
∗
5 (C
†H1)
)
H1
]
+
Z5
2Y 22
(H†1C)
2 + h.c.
}
(B.2.24)
where the terms in red (resp. in blue) are the dimension-6 (resp. the dimension-8) operators.
For the dimension-6 operators only (of order 1Y2 ), one remaining simplification can
be done:
−LY + V (H1, H2) ⊃ 1
Y2
|C|2 +
{
1
Y2
ηf
tβ
YffRC
†fL +
Y3 + Z6|H1|2
Y2
H†1C + h.c.
}
=
1
Y2
|C|2 −
{
1
Y2
C†
[
−ηf
tβ
YffRH
†
2fL − (Y ∗3 + Z∗6 |H1|2)H1
]
+ h.c.
}
=
1
Y2
|C|2 −
{
1
Y2
|C|2 + h.c.
}
= − 1
Y2
|C|2 ,
(B.2.25)
where the last term was reshuffled using the hermitian conjugate part. Because 1Y2 |C|2 is
self-hermitian, one of this term from inside the bracket cancels the original term from outside
the bracket. This remaining term is the only one present at the dimension-6 level and indeed
corresponds to the D = 6 effective Lagrangian obtained in Chapter 5, Eq. 5.3.3.
For the dimension-8 operators only (of order 1
Y 22
), one remaining simplification can
be done:
−LY + V (H1, H2) ⊃ Z3
Y 22
|H1|2|C|2 + Z4
Y 22
(H†1C)(C
†H1)
+
1
Y 22
ηf
tβ
YffR
[
−D2C − Z3|H1|2C −
(
Z4(H
†
1C) + Z
∗
5 (C
†H1)
)
H1
]†
fL + h.c.
+
1
Y 22
{
C†
[
−D2C − Z3|H1|2C −
(
Z4(H
†
1C) + Z
∗
5 (C
†H1)
)
H1
]
+ h.c.
}
+
{
Y3 + Z6|H1|2
Y 22
H†1
[
−D2C − Z3|H1|2C −
(
Z4(H
†
1C) + Z
∗
5 (C
†H1)
)
H1
]
+
Z5
2Y 22
(H†1C)
2 + h.c.
}
=
Z3
Y 22
|H1|2|C|2 + Z4
Y 22
(H†1C)(C
†H1) +
1
Y 22
{
Z5
2
(H†1C)
2 + h.c.
}
,
(B.2.26)
where the three last lines were reshuffled using the hermitian conjugate part and cancel.
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The effective Lagrangian for (Type-2) 2HDM up to dimension-8 operators, is given by:
Leff = LBosons+Fermions KineticSM + |DµH1|2 −
[
YuuRH˜1
†
QL + YddRH
†
1QL + YeeRH
†
1LL + h.c.
]
−
[
Y1|H1|2 + Z1
2
|H1|4
]
+
1
Y2
|C|2 + 1
Y 22
[
|DµC|2 − Z3|H1|2|C|2 − Z4(C†H1)(H†1C)
]
− 1
Y 22
{
Z5
2
(H†1C)
2 + h.c.
}
(B.2.27)
where I recall the definitions:
C = −ηf
tβ
YffRH
†
2fL − (Y ∗3 + Z∗6 |H1|2)H1 ≡ Yuk− αH1 (B.2.28)
DµC = [∂µ − i(gVµ)]C (B.2.29)
Because the C-term is a linear combination of Yukawa terms and a term proportional to
H1, all the terms with C present in the effective Lagrangian give a modified contribution
to Yukawa couplings. All the covariant derivatives are defined in the representation adapted
for the H2 field (in some sense they bring some information about the presence of the H2
field, even if it was integrated out). All the terms containing those derivatives give a modified
contribution for Higgs-vector-vector couplings.
To further simplify the results the second “vacuum relation” (Chapter 5, Eq. 5.2.26) is
used: Y3 = −Z6 v22 . After expansion in the unitary gauge we obtain:
• At order 1Y2 :
|C|2 = |Yuk|2 + |α|2|H1|2 −
{
αYuk†.H1 + h.c.
}
= |Yuk|2 − h
v
v3√
2
{
Z∗6 Yuk
†. ( 01 ) + h.c.
}
+O
(
h2
v2
)
(B.2.30)
It is quite remarkable that in the 2HDM, the fermions (and, as it will appear later, the
gauge bosons) do not receive mass corrections via dimension-6, and 8 operators as we
will see in the following. Also, the Higgs potential does not acquire any corrections. At
the level of dimension-6 operators, we only generate 4-fermion interactions, and obtain
deviations to Yukawa couplings. We also have 2-fermion + 2-higgs interactions. More
precisely, from the form of Yuk and the normalization convention for the correction to the
Yukawa couplings used in the EFT Higgs basis (Chapter 2, Eq. 2.7.14): −hv
√
mimj(δij+
[δy]ij)f ifj :
Y2mu[δyu]ij = −(Z∗6Y †uPR + Z6YuPL)
ηu
tβ
v3√
2
δij
= −[Re(Z6mu)1− iγ5 Im(Z6mu)]ηu
tβ
v2δij
→ [δyu]ij = −[Re(Z6)1− iγ5 Im(Z6)]ηu
tβ
v2
Y2
δij (B.2.31)
Similarly, [δyd,e]ij = −[Re(Z6)1− iγ5 Im(Z6)]ηd,e
tβ
v2
Y2
δij (B.2.32)
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To retrieve the induced shift on the trilinear Higgs coupling, the expansion has to be
extended up to order h
3
v3
. After using the “vacuum relation” one finds:
|C|2 ⊃ h
3
v3
3|Z6|2v6
2
− h
3
v3
v3
2
√
2
{
Z∗6 Yuk
†. ( 01 ) + h.c.
}
(B.2.33)
With the normalization: ∆L = −δλh3vh3 we get:
δλh3 = −
3|Z6|2
2
v2
Y2
(B.2.34)
• At order 1
Y 22
:
|H1|2|C|2 = |H1|2|Yuk|2 + |α|2|H1|4 − |H1|2
{
αYuk†.H1 + h.c.
}
=
v2
2
(
1 + 2
h
v
)
|Yuk|2 − h
v
v5
2
√
2
{
Z∗6 Yuk
†. ( 01 ) + h.c.
}
+O
(
h2
v2
)
(B.2.35)
Here also, remains the 4-fermion operators (and a 4-fermion + 2-higgs operator) and
the Yukawa corrections:
−Y 22
Z3
mu[δyu]ij = −(Z∗6Y †uPR + Z6YuPL)
ηu
tβ
v5
2
√
2
δij
= −[Re(Z6mu)1− iγ5 Im(Z6mu)]ηu
tβ
v4
2
δij
→ [δyu]ij = +Z3
2
[Re(Z6)1− iγ5 Im(Z6)]ηu
tβ
v4
Y 22
δij (B.2.36)
Similarly, [δyd,e]ij = +
Z3
2
[Re(Z6)1− iγ5 Im(Z6)]ηd,e
tβ
v4
Y 22
δij (B.2.37)
At order h
3
v3
we have:
|H1|2|C|2 ⊃ h
3
v3
5|Z6|2v8
4
− h
3
v3
9v5
4
√
2
{
Z∗6 Yuk
†. ( 01 ) + h.c.
}
(B.2.38)
And the trilinear Higgs coupling contribution becomes:
δλh3 = +
5Z3|Z6|2
4
v4
Y 22
(B.2.39)
• At order 1
Y 22
:
(C†H1)(H
†
1C) = |Yuk†.H1|2 + |α|2|H1|4 − |H1|2
{
αYuk†.H1 + h.c.
}
=
v2
2
(
1 + 2
h
v
)
| ( 0 1 ) .Yuk|2 − h
v
v5
2
√
2
{
Z∗6 Yuk
†. ( 01 ) + h.c.
}
+O
(
h2
v2
)
(B.2.40)
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Similar Yukawa corrections as previously (but with Z3 → Z4):
[δyu,d,e]ij = +
Z4
2
[Re(Z6)1− iγ5 Im(Z6)]ηu,d,e
tβ
v4
Y 22
δij (B.2.41)
and similar trilinear Higgs coupling contribution:
δλh3 = +
5Z4|Z6|2
4
v4
Y 22
(B.2.42)
The other operator (similarly for its hermitian conjugate) is:
(H†1C)
2 = (H†1 .Yuk)
2 + α2|H1|4 − 2α|H1|2H†1 .Yuk
=
v2
2
(
1 + 2
h
v
)
(( 0 1 ) .Yuk)2 − h
v
v5√
2
Z∗6 ( 0 1 ) .Yuk+O
(
h2
v2
)
(B.2.43)
The Yukawa corrections are:
−2Y 22 mu[δyu]ij = −(Z5Z∗6YuPL + Z∗5Z6Y †uPR)
ηu
tβ
v5√
2
δij
= −[Re(Z6Z∗5mu)1+ iγ5 Im(Z6Z∗5mu)]
ηu
tβ
v4δij
→ [δyu]ij = +1
2
[Re(Z6Z
∗
5 )1+ iγ5 Im(Z6Z
∗
5 )]
ηu
tβ
v4
Y 22
δij (B.2.44)
Similarly, [δyd,e]ij = +
1
2
[Re(Z6Z
∗
5 )1+ iγ5 Im(Z6Z
∗
5 )]
ηd,e
tβ
v4
Y 22
δij (B.2.45)
At order h
3
v3
we have:
(H†1C)
2 ⊃ h
3
v3
5(Z∗6 )2v8
4
− h
3
v3
9v5
2
√
2
Z∗6 ( 0 1 ) .Yuk (B.2.46)
so that the trilinear Higgs coupling contribution becomes:
−δλh3vh3 = −
1
2Y 22
h3
v3
{
5Z5(Z
∗
6 )
2v8
4
+ h.c.
}
= −vh3 5Re(Z5(Z
∗
6 )
2)
4
v4
Y 22
→ δλh3 = +
5Re(Z5(Z
∗
6 )
2)
4
v4
Y 22
(B.2.47)
• At order 1
Y 22
:
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|DµC|2 = |DµYuk− (∂µα)H1 − αDµH1|2 = |DµYuk|2 + |Dµ(αH1)|2 −
{
(DµYuk)†Dµ(αH1) + h.c.
}
= |DµYuk|2 + v
4
4
|Z6|2|DµH1|2 + |Z6|2|Dµ(H1|H1|2)|2
−
{
v2
2
|Z6|2(DµH1)†.Dµ(H1|H1|2) + Z6(Dµ(H1|H1|2))†.DµYuk− v
2
2
Z6(D
µH1)
†.DµYuk+ h.c.
}
= |gV.Yuk|2 − h
v
v3√
2
{
Z∗6 Yuk
†.gV †.gV. ( 01 ) + h.c.
}
+O
(
h2
v2
; ∂
)
(B.2.48)
Here we see that the gauge bosons do not receive any mass corrections, for the very same
reason as for the fermions. Something new is that there are no corrections to higgs+2-
boson vertex generated at tree-level. More precisely what only remains is an effective {2-
boson, 4-fermion} operator at lowest order, and a {Higgs, 2-boson, 4-fermion} operator.
At the level of two derivatives, this operator modifies the kinetic term of H1 which gives,
after expansion of H1 → v√2
(
1 + hv
)
, gives the contribution:
v2
2
Z26v
4
Y 22
(∂µ
h
v
)2 , (B.2.49)
to be added to the Standard Model contribution v
2
2 (∂µ
h
v )
2 coming from the kinetic term
|DµH1|2. The following Higgs field redefinition has to be done in order to recover the
canonical normalization of the kinetic term:
h→ h√
1 +
Z26v
4
Y 22
≈ h
(
1− Z
2
6v
4
2Y 22
)
. (B.2.50)
This implies that all the Standard Model couplings are shifted by this universal value:
the gauge boson Higgs couplings, the Yukawa couplings and the trilinear Higgs coupling
as discussed in Chapter 5. The gauge boson Higgs couplings hV V and h2V V are shifted
only due to this effect.
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Appendix C
N-body phase-space elements &
Cross-section and decay rate formulas
In this appendix we present general formulas for N-body phase space elements, cross-section
and decay rate formulas, focusing on 2 and 4-body decays.
C.1 Phase-space
It can be shown [174] that a N-body phase space element:
dΦN (k, p1, · · · , pN ) = δ(k − p1 − · · · − pN )
N∏
i=1
d3−→pi
(2π)32Ei
(C.1.1)
can be rewritten in a recursive way using (i < N)-body phase space elements:
dΦN (k, p1, · · · , pN ) = dΦj(P, p1, · · · , pj)dΦN−j+1(k, P, pj+1, · · · , pN )(2π)3d(P 2) (C.1.2)
. They are all Lorentz invariants, hence they can be written each in different frames while
doing their product still remains possible.
We can use the recursive definition to compute in particular a 4-body phase space element
for a reaction of the type: A→ B1 B2 → C11 C12 C21 C22 (decay), where the particle A decays
into two intermediate particles B1 and B2, each one subsequently decaying into particles C11
and C12, and C21 and C22 respectively.
C.2 Cross-section, decay rate
I recall in this section the known forms for the differential cross-section for a 2-to-N process,
and the differential width for a N -decay process. I refer to QFT lectures for a proof of these
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formulas.
dσ =
1
2EA2EB|vA − vB| |M(pA, pB → pf )|
2(2π)4δ(pA + pB −
∑
pf )
∏
f
d3−→pf
(2π)32Ef
(C.2.1)
dΓ =
S
2mA
|M(pA → pf )|2(2π)4δ(pA −
∑
pf )
∏
f
d3−→pf
(2π)32Ef
(C.2.2)
with S the symmetry factor:
S =
1∏
s n(s)!
(C.2.3)
where n(s) is the number of particles of the same species s that are found in the final-state.
C.3 2-body phase space
The phase-space element for a 2-body decay: A→ B C, writes:
dΦ2(k, p1, p2) = δ(k − p1 − p2) d
3−→p1
(2π)32E1
d3−→p2
(2π)32E2
(C.3.1)
In the center-of-mass frame of the particle A, we have in particular: δ(k − p1 − p2) =
δ(mA −E1 −E2)δ(0−−→p1 −−→p2) (translating conservation of the 4-momenta). Defining: E1 =√
m2B +
−→p12, E2 =
√
m2C +
−→p22, U = E1 + E2, and because of the previous condition: −→p12 =
−→p22 ≡ −→p 2, by differentiating U we get:
dU = |−→p |d|−→p |
(
1
E1
+
1
E2
)
=
|−→p |d|−→p |
E1E2
· U (C.3.2)
U can be at least equal to mB +mC , when B and C are produced at rest.
Furthermore, d3−→p1 = −→p12d|−→p1|dΩ1 = −→p 2d|−→p |dΩ1 where dΩ1 = sin θ1dθ1dφ1 = (−)d(cos θ1)dφ1
is the solid angle element for the particle B (momentum p1).
By integrating over d3−→p2 we obtain:
dΦ2(k, p1, p2) =
δ(mA − U)
4(2π)6
pdU
U
Θ(mA −mB −mC)dΩ1 (C.3.3)
and an integration over U gives:
dΦ2(k, p1, p2) =
1
4(2π)6
|−→p0|
mA
Θ(mA −mB −mC)dΩ1 (C.3.4)
where the Heaviside function Θ(mA −mB −mC) encodes the fact that the reaction can only
happen when mA ≥ mB +mC , and where −→p0 is such that: mA =
√
m2B +
−→p02 +
√
m2C +
−→p02.
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The solution can be written in the form:
|−→p0| = 1
2mA
√
λ(m2B,m
2
C ,m
2
A) ≡
mA
2
√
Λ(m2B,m
2
C ,m
2
A) (C.3.5)
where:
λ(x2, y2, z2) = (z2 − x2 − y2)2 − 4x2y2 = (z + x+ y)(z + x− y)(z − x+ y)(z − x− y)
=
1
2
[
(z2 + x2 − y2) + (z2 − x2 + y2) + (z2 − x2 − y2)− (z2 + x2 + y2)]
= [z2 − (x+ y)2][z2 − (x− y)2]
(C.3.6)
or
Λ(x, y, z) = (1− x/z − y/z)2 − 4xy/z2 (C.3.7)
is the Källen lambda-function.
To sum up we obtain:
dΦ2(k, p1, p2) =
1
4(2π)6
√
λ(m2B,m
2
C ,m
2
A)
2m2A
Θ(mA −mB −mC)dΩ1 (C.3.8)
dΓ =
S
2mA
|M(pA → pf )|2(2π)4dΦ2(pA, p1, p2)
=
S
16(2π)2
|M(pA → pf )|2
√
λ(m2B,m
2
C ,m
2
A)
m3A
Θ(mA −mB −mC)dΩ1 (C.3.9)
As we knew that already for 2-body decays only the kinematic factor and the amplitude
do not depend on any angle. After integration over the solid angle:
∫
dΩ1 = 4π, we obtain:
Γ =
S
16π
|M(pA → pf )|2
√
λ(m2B,m
2
C ,m
2
A)
m3A
≈ |M(pA → pf )|
2
16π ×mA (C.3.10)
where the approximation is valid only when mB,mC ≪ mA.
C.4 3-body phase space
The considered process is: A→ B C D. We have:
dΦ3(k, p1, p2, p3) = δ(k − p1 − p2 − p3) d
3−→p1
(2π)32E1
d3−→p2
(2π)32E2
d3−→p3
(2π)32E3
(C.4.1)
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C.5 Example of 4-body phase space element for H → Z∗Z∗ →
l+1 l
−
1 l
+
2 l
−
2
C.5.1 Definitions
Here the considered reaction is: A → {B1 → C11 C12} {B2 → C21 C22}. The reaction is
subdivised into the 2-body decay A→ B1 B2, plus two other 2-body decays B1→ C11 C12
and B2→ C21 C22. This leads us to write the 4-body phase space element, using the recursive
formula C.1.2, as:
dΦ4(k, p11, p12, p21, p22) = dΦ2(P1, p11, p12)dΦ2(P2, p21, p22)dΦ2(k, P1, P2)(2π)
6d(P 21 )d(P
2
2 )
(C.5.1)
For simplicity we express dΦ2(P1, p11, p12), dΦ2(P2, p21, p22) and dΦ2(k, P1, P2) in the B1,
B2 and A center-of-mass frames, respectively:
dΦ2(k, P1, P2) =
1
4(2π)6
p0
mA
Θ(mA −mB1 −mB2)dΩ (C.5.2)
dΦ2(P1, p11, p12) =
1
4(2π)6
p1
mB1
Θ(mB1 −mC11 −mC12)dΩ1 (C.5.3)
dΦ2(P2, p21, p22) =
1
4(2π)6
p2
mB2
Θ(mB2 −mC21 −mC22)dΩ2 (C.5.4)
with:
dΩ1 = −d(cos θ1)dφ1 ; dΩ2 = −d(cos θ2)dφ2 . (C.5.5)
C.5.2 Application
Here we will suppose that the Higgs boson is a 0+ particle. The two Z’s are emitted off-shell,
and the four leptons are on-shell. The emission of the two Z’s in the Higgs center-of-mass frame
is therefore independent of its orientation. Furthermore, defining Ψ = φ2 − φ1 (the angles φi
of rotation around the z-axis, are not affected by boosts), we have: dφ1dφ2 = dφ1dΨ. In the
center-of-mass frame of one of the Z, the emission of two leptons is invariant under rotation
around the z-axis.
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Under all these hypotheses, the 4-body phase space element for the decay of the Higgs
boson gives:
dΦ4(k, p11, p12, p21, p22) =
1
8(2π)10
p0p1p2
MH
Θ(MH −MZ1 −MZ2)Θ(MZ1 −Ml1 −Ml1)Θ(MZ2 −Ml2 −Ml2)
× dMZ1dMZ2d(cos θ1)d(cos θ2)dΨ
(C.5.6)
with:
MZ1 ∈ [2Ml1 ; +∞[ ; MZ2 ∈ [2Ml2 ; +∞[
(θ1, θ2) ∈ [0 ; π]2 ; Ψ ∈ [0 ; 2π]
p0 =
MH
2
√
Λ(M2Z1,M
2
Z2,M
2
H) ; p1 =
MZ1
2
√
Λ(M2l1,M
2
l1,M
2
Z1) ; p2 =
MZ2
2
√
Λ(M2l2,M
2
l2,M
2
Z2) .
(C.5.7)
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Appendix D
Generalized Gordon Identities
Gordon identities are useful when one wants to compute and simplify amplitudes involving
Dirac matrix strings, into a vertex plus dipole parts. Usually they are given in the particular
case where the two involved fermions are the same (Eqs. D.0.1 and D.0.2). In the case the
fermions are of different type (example of an effective flavour-changing vertex), those relations
need to be modified in a consistent way1.
We recall the usual Gordon relations (for same-flavour fermions):
u(p′)γµu(p) =
(p′ + p)µ
2m
uu+ i
(p′ − p)ν
2m
uσµνu (D.0.1)
u(p′)γµγ5u(p) =
(p′ − p)µ
2m
uγ5u+ i
(p′ + p)ν
2m
uσµνγ5u (D.0.2)
Let us first derive a general form for a CP-violating vertex. Adding those two relations we
obtain:
α(D.0.1) + β(D.0.2) = u(p′)γµ(α+ βγ5)u(p)
=
1
2m
u
[
(α+ βγ5)p
′µ + (α− βγ5)pµ
]
u+
i
2m
uσµν
[
(α+ βγ5)p
′
ν − (α− βγ5)pν
]
u
=
1
2m
u
[
α(p′µ + pµ) + βγ5(p′µ − pµ)
]
u+
i
2m
uσµν
[
α(p′ν − pν) + βγ5(p′ν + pν)
]
u
(D.0.3)
When we deal with specified left- and right-handed fermions (that is, α = 1/2 and β = ±1/2),
we get:
uL(p
′)γµuL(p) =
1
2m
u
[
p′µPL + pµPR
]
u+
i
2m
uσµν
[
p′νPL − pνPR
]
u (D.0.4)
uR(p
′)γµuR(p) =
1
2m
u
[
p′µPR + pµPL
]
u+
i
2m
uσµν
[
p′νPR − pνPL
]
u (D.0.5)
1See Section 5 of http://hera.ugr.es/doi/16654857.pdf for how it is done with FormCalc
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that is:
uL(p
′)γµuL(p) =
1
2m
uR
[
p′µ + ip′νσ
µν
]
uL +
1
2m
uL [p
µ − ipνσµν ]uR (D.0.6)
uR(p
′)γµuR(p) =
1
2m
uL
[
p′µ + ip′νσ
µν
]
uR +
1
2m
uR [p
µ − ipνσµν ]uL (D.0.7)
What happens in the case of fermions of different families (and of different masses)? Those
relations can be generalized as shown in Appendix H of http://www.slac.stanford.edu/
pubs/slacreports/reports14/slac-r-317a.pdf, but we rederive them here since this is a
nice example of how to derive Gordon identities. Suppose we have two fermions u1 and u2 of
masses m1 and m2 respectively. They obey the Dirac equations:
(
−↛
p1 −m1)u1 = 0 = u1(←−p̸1 −m1) ; (−↛p2 −m2)u2 = 0 = u2(←−p̸2 −m2) (D.0.8)
The arrows indicate in which direction we operate. Now, given an arbitrary tensor structure
T , multiplying at the left or the right of these Dirac equations by u2T or T u1 respectively,
and summing both, we obtain:
α× u2T (−↛p1 −m1)u1 + β × u2(←−p̸2 −m2)T u1 = 0 (D.0.9)
and we can rewrite:
(αm1 + βm2)u2T u1 = u2(αT −↛p1 + β←−p̸2T )u1
= u2(α(T −↛p1 ±−↛p1T ∓ −↛p1T ) + β←−p̸2T )u1
= αu2{T ;−↛p1}u1 + u2(β←−p̸2 − α−↛p1)T u1 = αu2[T ;−↛p1]u1 + u2(β←−p̸2 + α−↛p1)T u1
= u2(αT −↛p1 + β(←−p̸2T ± T ←−p̸2 ∓ T ←−p̸2))u1
= βu2{←−p̸2; T }u1 + u2T (α−↛p1 − β←−p̸2)u1 = βu2[←−p̸2; T ]u1 + u2T (α−↛p1 + β←−p̸2)u1
(D.0.10)
With suitable choices of T , α and β, we can retrieve the equations from above (also needed
is the identity: ̸ a̸b= 2ab−̸ b̸a= ab− iσµνaµbν).
An example: Choosing T ≡ γµ or T ≡ γ5γµ, and using the last two lines (only the parts
with the commutator) of the previous equation and summing together, we can find:
(αm1 + βm2)u2γ
µu1 = αu2[γ
µ;
−↛
p1]u1 + u2(α
−↛
p1 + β
←−
p̸2)γ
µu1 =
2
i
αp1νu2σ
µνu1 + u2(α p̸1 +β p̸2)γ
µu1
= βu2[
←−
p̸2; γ
µ]u1 + u2γ
µ(α
−↛
p1 + β
←−
p̸2)u1 = −2
i
βp2νu2σ
µνu1 + 2(αp1
µ + βp2
µ)u2u1 − u2(α p̸1 +β p̸2)γµu1
(D.0.11)
(αm1 + βm2)u2γ5γ
µu1 = αu2[γ5γ
µ;
−↛
p1]u1 + u2(α
−↛
p1 + β
←−
p̸2)γ5γ
µu1 = 2αp1µu2γ5u1 + u2(α p̸1 +β p̸2)γ5γ
µu1
= βu2[
←−
p̸2; γ5γ
µ]u1 + u2γ5γ
µ(α
−↛
p1 + β
←−
p̸2)u1 = −2βp2µu2γ5u1 + u2γ5γµ(α p̸1 +β p̸2)u1 (D.0.12)
For the last equation we need to use γ5γµγν + (γνγ5γµ = −γ5γνγµ) = γ5[γµ; γν ] to rewrite:
u2γ5γ
µ(α p̸1 +β p̸2)u1 =
2
i (αp1ν + βp2ν)u2γ5σ
µνu1 − u2(α p̸1 +β p̸2)γ5γµu1. Now, summing
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the two lines of Eq. D.0.11 together (and doing the same with Eq. D.0.12), we obtain the final
expressions:
(αm1 + βm2)u2γ
µu1 = (αp
µ
1 + βp
µ
2 )u2u1 − i(αp1ν − βp2ν)u2σµνu1 (D.0.13)
(αm1 + βm2)u2γ5γ
µu1 = (αp
µ
1 − βpµ2 )u2γ5u1 − i(αp1ν + βp2ν)u2γ5σµνu1 (D.0.14)
A simple extension of the left-right equations D.0.4 and D.0.5 can be found where ’2m’ is
replaced by ’m1 +m2’.
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Appendix E
Minkowski Integrals
In this appendix we present formulas to compute integrals in d = 4 Minkowski space of the
following form: ∫
d4 l
(2π)4
1 ; l ; l2 ; · · ·
(l2 −∆)n ; n ∈ N
∗ (E.0.1)
They can either be evaluated in dimensional regularization scheme [175], or by (non-Lorentz-
invariant) momentum cut-off.
E.1 Dimensional regularization
I define ϵ = 4 − d where d is the momenta-space dimensionality. I have to introduce a di-
mensionful parameter µ such as [d4 l] = [µϵ dd l]. Going from
∫
d4 k
(2π)4
to
∫
dd k
(2π)d
works like
this: ∫
d4 k
(2π)4
←→ µϵ
∫
dd k
(2π)d
=
i
16π2
(2πµ)ϵ
iπ2
∫
dd k (E.1.1)
See the next appendix for details about Pa-Ve integrals.
I define the auxiliary function:
P (n, d) =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
n−1∏
k=2
(
k − d
2
)
n ≥ 3
1 n = 2
1∏
k=n
(
k − d
2
)−1
n ≤ 1
(E.1.2)
as well as:
Γ
(
2− d2
)
(4π)d/2
(
1
∆
)2− d
2
=
Γ
(
ϵ
2
)
(4π)d/2
(
1
∆
) ϵ
2
∼
ϵ→0+
1
(4π)2
(∆ϵ − ln∆ +O(ϵ)) (E.1.3)
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where:
∆ϵ =
2
ϵ
− γ + ln 4π (E.1.4)
and γ ≈ 0.5772 is the Euler-Mascheroni constant.
Define the integrals:
∫
dd l
(2π)d
1
(l2 −∆)n =
i(−1)n
(4π)d/2
Γ
(
n− d2
)
Γ(n)
(
1
∆
)n− d
2
=
i(−1)n
(n− 1)!
(
1
∆
)n−2
P (n, d)
Γ
(
2− d2
)
(4π)d/2
(
1
∆
)2− d
2
; n ≥ 1 (E.1.5)∫
dd l
(2π)d
l2k+1 ; k∈N
(l2 −∆)n = 0 (E.1.6)∫
dd l
(2π)d
l2
(l2 −∆)n =
i(−1)n−1
(4π)d/2
d
2
Γ
(
n− 1− d2
)
Γ(n)
(
1
∆
)n−1− d
2
(E.1.7)∫
dd l
(2π)d
lµlν
(l2 −∆)n =
1
d
gµν
∫
dd l
(2π)d
l2
(l2 −∆)n (E.1.8)∫
dd l
(2π)d
l4
(l2 −∆)n =
i(−1)n
(4π)d/2
d(d+ 2)
4
Γ
(
n− 2− d2
)
Γ(n)
(
1
∆
)n−2− d
2
(E.1.9)∫
dd l
(2π)d
lµlν lρlσ
(l2 −∆)n =
1
d(d+ 2)
(gµνgρσ + gµρgνσ + gµσgνρ)
∫
dd l
(2π)d
l4
(l2 −∆)n (E.1.10)
(E.1.11)
We can write a recursion relation using the integral E.1.5:∫
dd l
(2π)d
1
(l2 −∆)n+1 = −
1
n∆
(
n− d
2
)∫
dd l
(2π)d
1
(l2 −∆)n ;
n = 1→ i
16π2
∆(∆ϵ − ln∆ + 1 +O(ϵ)) (E.1.12)
and there are similar relations for equations E.1.7 and E.1.9:∫
dd l
(2π)d
l2
(l2 −∆)n+1 = −
1
n∆
(
n− 1− d
2
)∫
dd l
(2π)d
l2
(l2 −∆)n ;
n = 1→ i
16π2
∆2 (∆ϵ − ln∆ + 1 +O(ϵ)) (E.1.13)∫
dd l
(2π)d
l4
(l2 −∆)n+1 = −
1
n∆
(
n− 2− d
2
)∫
dd l
(2π)d
l4
(l2 −∆)n ;
n = 1→ i
16π2
d+ 2
2
∆3 (∆ϵ − ln∆ + 1 +O(ϵ)) (E.1.14)
We should also note that for usability purposes only I expand the quantities in d that are in
the denominators while I keep the quantities in d in the numerators. Also I don’t replace d
by ’4’ because otherwise it would be wrong: the full exact expressions with the ϵ parameter
are obtained by expanding all the quantities up to O(ϵ) using d = 4− ϵ.
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Now, suppose that ∆ is a smooth (at least C1) function of k: ∆(k) (a particular case:
k ≡ ∆). We have:
∂k
1
(l2 −∆(k))n = n(∂k∆)(k)
1
(l2 −∆(k))n+1 (E.1.15)
After iterations we can show that:
1
(l2 −∆(k))n =
(m− 1)!
(n− 1)!
[
1
(∂k∆)(k)
∂k
]n−m 1
(l2 −∆(k))m ; (m,n) ∈ N
∗2 and m ≤ n
(E.1.16)
If we suppose we can exchange the derivative operator with the d-dimensional integral (Non
trivial to prove!!), then we can write relations between the integrals E.1.5: with n→ n+ 1
and m = n: ∫
dd l
(2π)d
1
(l2 −∆)n+1 =
1
n
1
(∂k∆)(k)
∂k
∫
dd l
(2π)d
1
(l2 −∆)n (E.1.17)
(similar relations exist for the integrals E.1.7 and E.1.9). It appears that they work well
since we retrieve the already computed results, both in dimensional and cut-off (see after)
regularizations. It is finally interesting to compare this equation with equation E.1.12: whereas
E.1.12 is regularization-scheme-dependent, our last equation is scheme-independent. Some
results:
With n = 1:
µϵ
∫
dd l
(2π)d
1
l2 −∆ =
i
16π2
∆
(
∆ϵ − ln ∆
µ2
+ 1
)
(E.1.18)
µϵ
∫
dd l
(2π)d
l2
l2 −∆ =
i
16π2
∆2
(
∆ϵ − ln ∆
µ2
+ 1
)
(E.1.19)
With n = 2:
µϵ
∫
dd l
(2π)d
1
(l2 −∆)2 =
i
16π2
(
∆ϵ − ln ∆
µ2
)
(E.1.20)
µϵ
∫
dd l
(2π)d
l2
(l2 −∆)2 =
i
16π2
d
2
∆
(
∆ϵ − ln ∆
µ2
+ 1
)
(E.1.21)
µϵ
∫
dd l
(2π)d
l4
(l2 −∆)2 =
i
16π2
d(d+ 2)
8
∆2
(
∆ϵ − ln ∆
µ2
+
3
2
)
(E.1.22)
With n = 3:
µϵ
∫
dd l
(2π)d
1
(l2 −∆)3 =
i
16π2
× −1
2∆
, independent of µ and ϵ (E.1.23)
µϵ
∫
dd l
(2π)d
l2
(l2 −∆)3 = (Eq. E.1.20)+∆× (Eq. E.1.23) =
i
16π2
(
∆ϵ − ln ∆
µ2
− 1
2
)
(E.1.24)
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E.2 Momentum cut-off
I do not discuss here the validity of the Wick rotation, I suppose it can be done without
problems. What I need is:
l2 = l20 −
−→
l 2 = −l02E −
−→
l 2 = −l2E (E.2.1)
where l = (l0,
−→
l ) is a Minkowski 4-vector in the (+−−−) metric (l0 ∈ R is its timelike
component and
−→
l its spatial part). I define l0 = i l0E such that l20 = −l02E and lE = (l0E ,
−→
l )
being the corresponding Euclidean 4-vector. The integration measure d4 l becomes: i d4 lE =
i dΩ4 d |lE | |lE |3, dΩ4 = sin2 ω dω sin θ d θ dϕ being the Euclidean 4-D solid angle element.
We get: ∫
d4 l
(2π)4
1 ; l2 ; · · ·
(l2 −∆)n =
i(−1)n
(2π)4
∫
dΩ4
∫ Λ
0
d |lE | |lE |3 1 ; −l
2
E ; · · ·(
l2E +∆
)n (E.2.2)
where I introduced a cut-off scale Λ. Since the studied integrals only depend on l2 (or l2E)
and not on Ω4, I can integrate out this part which gives 2π2. Also I should note that since
l2 = −l2E I have: l4 ≡ (l2)2 = (−l2E)2 = l4E .
With n = 1:∫
d4 l
(2π)4
1
l2 −∆ =
i
16π2
(
−Λ2 +∆ ln Λ
2 +∆
∆
)
∼
Λ→+∞
i
16π2
(
−Λ2 +∆ ln Λ
2
∆
)
(E.2.3)∫
d4 l
(2π)4
l2
l2 −∆ =
i
32π2
(
Λ4 − 2∆Λ2 + 2∆2 ln Λ
2 +∆
∆
)
∼
Λ→+∞
i
32π2
(
Λ4 − 2∆Λ2 + 2∆2 ln Λ
2
∆
)
(E.2.4)
With n = 2:∫
d4 l
(2π)4
1
(l2 −∆)2 =
i
16π2
(
∆
Λ2 +∆
+ ln
Λ2 +∆
∆
− 1
)
∼
Λ→+∞
i
16π2
(
ln
Λ2
∆
− 1
)
(E.2.5)∫
d4 l
(2π)4
l2
(l2 −∆)2 =
i
16π2
(
−Λ2 − ∆Λ
2
Λ2 +∆
+ 2∆ ln
Λ2 +∆
∆
)
∼
Λ→+∞
i
16π2
(
−Λ2 + 2∆ ln Λ
2
∆
−∆
)
(E.2.6)∫
d4 l
(2π)4
l4
(l2 −∆)2 =
i
32π2
(
Λ4 − 4∆Λ2 − 2∆
2Λ2
Λ2 +∆
+ 6∆2 ln
Λ2 +∆
∆
)
∼
Λ→+∞
i
32π2
(
Λ4 − 4∆Λ2 + 6∆2 ln Λ
2
∆
− 2∆2
)
(E.2.7)
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Appendix F
The Scalar Passarino-Veltman
Integrals
F.1 Introduction and some definitions
We follow the conventions of [176], which are the same as defined in the Mathematica1 packages
FormCalc2, FeynCalc3 and LoopTools4. They are the following:
Figure F.1 – Conventions for momenta definitions in Passarino-Veltman Integrals
where the momenta ri are related to the external momenta ki (all taken to be ingoing)
through the relations:⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
r0 = rn =
n∑
i=1
pi = 0 (Momentum conservation)
rj =
j∑
i=1
pi j ∈ J1 ; n− 1K (F.1.1)
In dimensional regularization in d = 4 − ϵ dimensions, the scalar integrals are defined in
1http://www.wolfram.com/mathematica/
2http://www.feynarts.de/formcalc/
3http://www.feyncalc.org/
4http://www.feynarts.de/looptools/
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the following form5:
A0(m
2
0) =
(2πµ)ϵ
iπ2
∫
dd k
1
k2 −m20
(F.1.2)
B0(r
2
10,m
2
0,m
2
1) =
(2πµ)ϵ
iπ2
∫
dd k
1∏
i=0
1
[(k + ri)2 −m2i ]
(F.1.3)
C0(r
2
10, r
2
12, r
2
20,m
2
0,m
2
1,m
2
2) =
(2πµ)ϵ
iπ2
∫
dd k
2∏
i=0
1
[(k + ri)2 −m2i ]
(F.1.4)
D0(r
2
10, r
2
12, r
2
13, r
2
20, r
2
23, r
2
30,m
2
0,m
2
1,m
2
2,m
2
3) =
(2πµ)ϵ
iπ2
∫
dd k
3∏
i=0
1
[(k + ri)2 −m2i ]
(F.1.5)
where
∀(i, j) ∈ J0 ; n− 1K2 ; rij = ri − rj (F.1.6)
so that rji = −rij and r2ij = r2ji.
We can go from
∫
d4 k
(2π)4
to PV integrals and vice-versa by the following transformation:
∫
d4 k
(2π)4
←→ µϵ
∫
dd k
(2π)d
=
i
16π2
(2πµ)ϵ
iπ2
∫
dd k ≡ i
16π2
PV∫ (F.1.7)
To evaluate these integrals, we first have to rewrite the involved rational fraction by means
of Feynman parameters:
F (n, {ri} , {mi}) (k) =
n∏
i=0
1
[(k + ri)2 −m2i ]
=
(
n∏
i=0
∫ 1
0
dxi
)
n! δ
(∑n
j=0 xj − 1
)
[∑n
j=0 xj [(k + rj)
2 −m2j ]
]n+1
(F.1.8)
and then, simplifying the inner fraction, setting:⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
l = k +
n∑
i=0
xiri
∆ =
n∑
i=0
xim
2
i −
∑
⟨i,j⟩
xixjr
2
ij =
n∑
i=0
xim
2
i −
n∑
i=0
n∑
j>i
xixjr
2
ij
(F.1.9)
one can show6 that we obtain:
F (n, {ri} , {mi}) (k) = n!
(
n∏
i=0
∫ 1
0
dxi
)
δ(
n∑
j=0
xj − 1) 1
(l2 −∆)n+1 (F.1.10)
and, after interverting the integrals in xi and the d-dimensional momentum-integral and doing
5We omit for simplicity the +iη term in the denominators.
6See Appendix F.8.2
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the change of variables k → l (because of translation invariance of the momentum-integral):
(2πµ)ϵ
iπ2
∫
dd k
n∏
i=0
1
[(k + ri)2 −m2i ]
=
(2π)4
iπ2
µϵ
∫
dd k
(2π)d
F (n, {ri} , {mi}) (k)
=
(2π)4
iπ2
µϵ n!
(
n∏
i=0
∫ 1
0
dxi
)
δ(
n∑
j=0
xj − 1)
∫
dd l
(2π)d
1
(l2 −∆)n+1
(F.1.11)
The last integral can be evaluated in the dimensional regularization scheme [175], using:
∫
dd l
(2π)d
1
(l2 −∆)n+1 =
i(−1)n+1
(4π)d/2
Γ
(
n+ 1− d2
)
Γ(n+ 1)
(
1
∆
)n+1− d
2
; n ∈ N
=
i(−1)n+1
n!
(
1
∆
)n−1
P (n+ 1, d)
1
(4π)2
(∆ϵ − ln∆ +O(ϵ)) (F.1.12)
and ∆ϵ = 2ϵ − γ + ln 4π (see previous appendix).
Putting everything together, using µϵ = exp(ϵ lnµ) ∼
ϵ→0+
1 + ϵ lnµ + O(ϵ2) and the fact
that:(
1 + ϵ lnµ+O(ϵ2)) (∆ϵ − ln∆ +O(ϵ)) = ∆ϵ − ln ∆µ2 +O(ϵ), we find:
(F.1.11) ∼
ϵ→0+
(−1)n+1
(
n∏
i=0
∫ 1
0
dxi
)
δ(
n∑
j=0
xj−1)
(
1
∆
)n−1
P (n+1, 4−ϵ)
(
∆ϵ − ln ∆
µ2
+O(ϵ)
)
(F.1.13)
F.2 Computation of the scalar Passarino-Veltman Integrals
F.2.1 A0(m20) – n = 0
After simplifications:
A0(m
2
0) =
−m20
ϵ
2 − 1
(
∆ϵ − ln m
2
0
µ2
+O(ϵ)
)
(F.2.1)
Expanding the fraction in powers of ϵ2 and collecting all things together gives:
A0(m
2
0) = m
2
0
(
∆ϵ − ln m
2
0
µ2
+ 1 +O(ϵ)
)
(F.2.2)
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F.2.2 B0(r210,m20,m21) – n = 1
After simplifications:
B0(r
2
10,m
2
0,m
2
1) =
∫ (1,1)
(0,0)
dx0 dx1 δ(x0+x1−1)
(
∆ϵ − ln
(
x0m
2
0 + x1m
2
1 − x0x1r210
µ2
)
+O(ϵ)
)
(F.2.3)
Which can be rewritten as7:
B0(r
2
10,m
2
0,m
2
1) = ∆ϵ −
∫ 1
0
dx0 ln
(
x0m
2
0 + (1− x0)m21 − x0(1− x0)r210
µ2
)
+O(ϵ) (F.2.4)
F.2.3 C0(r210, r212, r220,m20,m21,m22) – n = 2
After simplifications:
C0(r
2
10, r
2
12, r
2
20,m
2
0,m
2
1,m
2
2) =
−
∫ (1,1,1)
(0,0,0)
dx0 dx1 dx2 δ(x0 + x1 + x2 − 1)
x0m20 + x1m
2
1 + x2m
2
2 − x0x1r210 − x0x2r220 − x1x2r212
+O(ϵ) (F.2.5)
Which can be rewritten as8:
C0(r
2
10, r
2
12, r
2
20,m
2
0,m
2
1,m
2
2) =
−
∫ 1
0
dx0
∫ 1−x0
0
dx1
1
x0m20 + x1m
2
1 + (1− x0 − x1)(m22 − x0r220 − x1r212)− x0x1r210
+O(ϵ)
(F.2.6)
F.2.4 D0(r210, r212, r213, r220, r223, r230,m20,m21,m22,m23) – n = 3
After simplifications:
D0(r
2
10, r
2
12, r
2
13, r
2
20, r
2
23, r
2
30,m
2
0,m
2
1,m
2
2,m
2
3) =∫ (1,1,1,1)
(0,0,0,0)
dx0 dx1 dx2 dx3 δ(
∑3
j=0 xj − 1)(∑3
i=0 xim
2
i −
∑3
i=0
∑3
j>i xixjr
2
ij
)2 +O(ϵ) (F.2.7)
7See Appendix F.8.1
8See Appendix F.8.1
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F.3 Expansion of the scalar Passarino-Veltman Integrals ac-
cording to r2ij/m
2
k in first-order
In this section, we suppose that the ratios
r2ij
m2k
≪ 1, ∀i, j, k . Only B0, C0 and D0 are expand-
able that way. Only particular cases are considered here. Of course, all the mk are > 0. The
technique is to perform an expansion of the logarithm (or the rational fraction) in powers of
r2ij/m
2
k under the integral, keep only the first-order term and compute the integral.
F.3.1 B0
B0(r
2
10,m
2
0,m
2
1) = ∆ϵ + 1 +
m20 ln
µ2
m20
−m21 ln µ
2
m21
m20 −m21
+ r210
m40 −m41 + 2m20m21 ln m
2
1
m20
2
(
m20 −m21
)3 +O
((
r210
m20
,
r210
m21
)2)
(F.3.1)
B0(r
2
10,m
2
0,m
2
0) = ∆ϵ + ln
µ2
m20
+
r210
6m20
+O
((
r210
m20
)2)
(F.3.2)
B0(r
2
10, 0,m
2
0) = B0(r
2
10,m
2
0, 0) = ∆ϵ + 1 + ln
µ2
m20
+
r210
2m20
+O
((
r210
m20
)2)
(F.3.3)
F.3.2 C0 and D0
For C0 and D0, we will adopt another approach, since we are dealing with integration of
rational fractions. The idea is the following: write:
X0(r
2
10, r
2
12, r
2
20, · · · ,m20,m21,m22, · · · ) =
(−1)n+1
∫ (1,··· ,1)
(0,··· ,0)
dx0 · · · dxn δ
(∑n
j=0 xj − 1
)
(∑n
i=0 xim
2
i −
∑
⟨i,j⟩ xixjr
2
ij
)n−1 +O(ϵ) (F.3.4)
and the rational fraction can be written as:
1(∑n
i=0 xim
2
i −
∑
⟨i,j⟩ xixjr
2
ij
)n−1 = 1(∑n
k=0 xkm
2
k
)n−1 × 1(
1−∑⟨i,j⟩ xixj∑n
k=0 xkm
2
k
r2ij
)n−1
(F.3.5)
and the last fraction is expanded in powers of r2ij/m
2
k.
For C0
We have n = 2, therefore Eq. F.3.5 gives:
1∑2
i=0 xim
2
i −
∑
⟨i,j⟩ xixjr
2
ij
=
1∑2
k=0 xkm
2
k
× 1
1−∑⟨i,j⟩ xixj∑2
k=0 xkm
2
k
r2ij
(F.3.6)
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and
1
1−∑⟨i,j⟩ xixj∑2
k=0 xkm
2
k
r2ij
= 1 +
∑
⟨i,j⟩
xixj∑2
k=0 xkm
2
k
r2ij +O
⎛⎝{ r2ij
m2k
}2⎞⎠ (F.3.7)
C0 can be written in the form (up to order O
(
r2ij/m
2
k
)
):
C0(r
2
10, r
2
12, r
2
20,m
2
0,m
2
1,m
2
2) = −
[
I0 + r
2
10I10 + r
2
20I20 + r
2
12I12
]
+O(ϵ) (F.3.8)
where ⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
I0 =
∫ (1,1,1)
(0,0,0)
dx0 dx1 dx2 δ(x0 + x1 + x2 − 1) 1∑2
k=0 xkm
2
k
Iij =
∫ (1,1,1)
(0,0,0)
dx0 dx1 dx2 δ(x0 + x1 + x2 − 1) xixj(∑2
k=0 xkm
2
k
)2 (F.3.9)
For some particular cases, we obtain:
C0(r
2
10, r
2
12, r
2
20,m
2
0,m
2
1,m
2
1) =−
1
m21 −m20
[
1 +
m20
m21 −m20
ln
m20
m21
+
(
r210 + r
2
20
) m41 + 4m20m21 − 5m40 + 2(m40 + 2m20m21) ln m20m21
4
(
m21 −m20
)3
+r212
m61 − 6m20m41 + 3m40m21 + 2m60 − 6m40m21 ln m
2
0
m21
12m21
(
m21 −m20
)3
⎤⎦
(F.3.10)
C0(r
2
10, r
2
12, r
2
20,m
2
0,m
2
0,m
2
1) = C0(r
2
12, r
2
10, r
2
20,m
2
1,m
2
0,m
2
0) (F.3.11)
C0(r
2
10, r
2
12, r
2
20,m
2
0,m
2
0,m
2
0) =−
1
2m20
[
1 +
r210 + r
2
12 + r
2
20
12m20
]
(F.3.12)
C0(r
2
10, r
2
12, r
2
20, 0,m
2
0,m
2
0) =−
1
m20
⎡⎣1 + r210 + r220
4m20
+
r212
12m20
+O
⎛⎝{ r2ij
m20
}2⎞⎠⎤⎦ (F.3.13)
C0(r
2
10, r
2
12, r
2
20,m
2
0,m
2
0, 0) = C0(r
2
12, r
2
10, r
2
20, 0,m
2
0,m
2
0) (F.3.14)
For D0
For this integral, I only need the case where the masses are all equal. I obtain:
D0(r
2
10, r
2
12, r
2
13, r
2
20, r
2
23, r
2
30,m
2
0,m
2
0,m
2
0,m
2
0) =
1
6m40
⎡⎣1 + r210 + r212 + r213 + r220 + r223 + r230
10m20
+O
⎛⎝{ r2ij
m20
}2⎞⎠⎤⎦
(F.3.15)
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F.4 Symmetry properties for Bi
I define here:
[f({xi});
⏐⏐⏐⏐⏐ m20,m21, r210x0, x1, x0x1
⏐⏐⏐⏐⏐ ; k] =
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) f({xi})
∫
dd l
l2k
(l2 −∆)2 (F.4.1)
which is linear with respect to f , and ∆ is the usual denominator. By factoring out, then
restoring, the global coefficients that do not play any role in the properties, and using the
constraint x0 + x1 = 1, we get:
B0(r
2
10,m
2
0,m
2
1) = [1;
⏐⏐⏐⏐⏐ m20,m21, r210x0, x1, x0x1
⏐⏐⏐⏐⏐ ; 0] = [1;
⏐⏐⏐⏐⏐m20,m21, r210y1, y0, y0y1
⏐⏐⏐⏐⏐ ; 0] = [1;
⏐⏐⏐⏐⏐m21,m20, r210y0, y1, y0y1
⏐⏐⏐⏐⏐ ; 0] = B0(r210,m21,m20)
(F.4.2)
B1(r
2
10,m
2
0,m
2
1) = [−x1;
⏐⏐⏐⏐⏐ m20,m21, r210x0, x1, x0x1
⏐⏐⏐⏐⏐ ; 0] = [−y0;
⏐⏐⏐⏐⏐m20,m21, r210y1, y0, y0y1
⏐⏐⏐⏐⏐ ; 0] = [−(1)− (−y1);
⏐⏐⏐⏐⏐m21,m20, r210y0, y1, y0y1
⏐⏐⏐⏐⏐ ; 0]
= −B0(r210,m21,m20)−B1(r210,m21,m20) (F.4.3)
B00(r
2
10,m
2
0,m
2
1) = [1;
⏐⏐⏐⏐⏐ m20,m21, r210x0, x1, x0x1
⏐⏐⏐⏐⏐ ; 1] = [1;
⏐⏐⏐⏐⏐m20,m21, r210y1, y0, y0y1
⏐⏐⏐⏐⏐ ; 1] = [1;
⏐⏐⏐⏐⏐m21,m20, r210y0, y1, y0y1
⏐⏐⏐⏐⏐ ; 1] = B00(r210,m21,m20)
(F.4.4)
B11(r
2
10,m
2
0,m
2
1) = [x
2
1;
⏐⏐⏐⏐⏐ m20,m21, r210x0, x1, x0x1
⏐⏐⏐⏐⏐ ; 0] = [y20;
⏐⏐⏐⏐⏐m20,m21, r210y1, y0, y0y1
⏐⏐⏐⏐⏐ ; 0] = [(1− y1)2;
⏐⏐⏐⏐⏐m21,m20, r210y0, y1, y0y1
⏐⏐⏐⏐⏐ ; 0]
= [1 + 2(−y1) + y21;
⏐⏐⏐⏐⏐m21,m20, r210y0, y1, y0y1
⏐⏐⏐⏐⏐ ; 0]
= B00(r
2
10,m
2
1,m
2
0) + 2B1(r
2
10,m
2
1,m
2
0) +B11(r
2
10,m
2
1,m
2
0) (F.4.5)
B001(r
2
10,m
2
0,m
2
1) = [−x1;
⏐⏐⏐⏐⏐ m20,m21, r210x0, x1, x0x1
⏐⏐⏐⏐⏐ ; 1] = [−y0;
⏐⏐⏐⏐⏐m20,m21, r210y1, y0, y0y1
⏐⏐⏐⏐⏐ ; 1] = [−(1)− (−y1);
⏐⏐⏐⏐⏐m21,m20, r210y0, y1, y0y1
⏐⏐⏐⏐⏐ ; 1]
= −B00(r210,m21,m20)−B001(r210,m21,m20) (F.4.6)
B111(r
2
10,m
2
0,m
2
1) = [−x31;
⏐⏐⏐⏐⏐ m20,m21, r210x0, x1, x0x1
⏐⏐⏐⏐⏐ ; 0] = [−y30;
⏐⏐⏐⏐⏐m20,m21, r210y1, y0, y0y1
⏐⏐⏐⏐⏐ ; 0] = [−(1− y1)3;
⏐⏐⏐⏐⏐m21,m20, r210y0, y1, y0y1
⏐⏐⏐⏐⏐ ; 0]
= [−(1)− 3(−y1)− 3(y21)− (−y31);
⏐⏐⏐⏐⏐m21,m20, r210y0, y1, y0y1
⏐⏐⏐⏐⏐ ; 0]
= −B0(r210,m21,m20)− 3B1(r210,m21,m20)− 3B11(r210,m21,m20)−B111(r210,m21,m20)
(F.4.7)
F.5 Some properties
C0(r
2
10, r
2
12, r
2
20,m
2
0,m
2
1,m
2
2) = C0(r
2
12, r
2
20, r
2
10,m
2
1,m
2
2,m
2
0) = C0(r
2
20, r
2
10, r
2
12,m
2
2,m
2
0,m
2
1)
(F.5.1)
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Proof. The fractional part of (F.2.5) is such that:
δ(x0 + x1 + x2 − 1) = δ(X0 +X1 +X2 − 1) (F.5.2)
and:
x0m
2
0 + x1m
2
1 + x2m
2
2 − x0x1r210 − x0x2r220 − x1x2r212
= X0m
2
1 +X1m
2
2 +X2m
2
0 −X0X1r212 −X0X2r210 −X1X2r220 (F.5.3)
with a permutational renaming of the xi variables: x0 → X2, x2 → X1, x1 → X0. Permuting
the integrals should not give any problems. We then obtain the first equality. Doing the same
a second time gives the second equality.
Lemma:
C0(r
2
10, r
2
12, r
2
20,m
2,m2,m2) = C0(r
2
12, r
2
20, r
2
10,m
2,m2,m2) = C0(r
2
20, r
2
10, r
2
12,m
2,m2,m2)
(F.5.4)
Defining:
f(m2,m2l ,m
2
H) =
∑
±
Li2
2m2
m2 +m2l −m2H ±
√
(m2 +m2l −m2H)2 − 4m2m2l
(F.5.5)
we have:
C0(m
2
e, 0,m
2
µ,m
2
H ,m
2
l ,m
2
l ) = −
∫ (1,1,1)
(0,0,0)
dx0 dx1 dx2 δ(x0 + x1 + x2 − 1)
x0m2H + (x1 + x2)m
2
l − x0x1m2e − x0x2m2µ − 0
= −f(m
2
µ,m
2
l ,m
2
H)− f(m2e,m2l ,m2H)
m2µ −m2e
(F.5.6)
when some conditions on the masses are respected...
F.6 Other B tensor integrals
Sometimes I want to compute such integrals, all function of (r210,m20,m21):
B0 =
(2πµ)ϵ
iπ2
∫
dd k
1∏
i=0
1
[(k + ri)2 −m2i ]
(F.6.1)
Bµ =
(2πµ)ϵ
iπ2
∫
dd k kµ
1∏
i=0
1
[(k + ri)2 −m2i ]
(F.6.2)
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Bµν =
(2πµ)ϵ
iπ2
∫
dd k kµkν
1∏
i=0
1
[(k + ri)2 −m2i ]
(F.6.3)
Bµνρ =
(2πµ)ϵ
iπ2
∫
dd k kµkνkρ
1∏
i=0
1
[(k + ri)2 −m2i ]
(F.6.4)
Bµνρσ =
(2πµ)ϵ
iπ2
∫
dd k kµkνkρkσ
1∏
i=0
1
[(k + ri)2 −m2i ]
(F.6.5)
where r210 = (r1 − r0)2 ≡ r21 (since r0 = 0). They can be decomposed as follows (using the
convention r0 = 0 so that: (k + r0)2 −m20 ; (k + r1)2 −m21):
Bµ = r1µB1 (F.6.6)
Bµν =
[
gµνB00 + r1µr1νB11
]
(F.6.7)
Bµνρ =
⎡⎣∑
i
(
gµνriρ + gνρriµ + gρµriν
)
B00i +
∑
i,j,k
riµrjνrkρBijk
⎤⎦ (F.6.8)
Bµνρσ =
⎡⎣ (gµνgρσ + gµρgνσ + gµσgνρ)B0000 +∑
i,j
(
gµνriρrjσ + gνρriµrjσ + gρσriµrjν
+gµσriνrjρ + gµρriνrjσ + gνσriµrjρ
)
B00ij +
∑
i,j,k,l
riµrjνrkρrlσBijkl
⎤⎦ (F.6.9)
that can be proved by doing the usual changes of variables, using lµlν → 1d l2gµν and grouping
terms. Using d = 4− ϵ and all the integrals being function of (r210,m20,m21), we have:
B0 =
(2πµ)ϵ
iπ2
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1)
∫
dd l
(l2 −∆)2 (F.6.10)
B1 =
(2πµ)ϵ
iπ2
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) (−x1)
∫
dd l
(l2 −∆)2 (F.6.11)
B00 =
(2πµ)ϵ
iπ2
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) 1
d
∫
dd l
l2
(l2 −∆)2 (F.6.12)
B11 =
(2πµ)ϵ
iπ2
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) x21
∫
dd l
(l2 −∆)2 (F.6.13)
B00i ≡ B001 = (2πµ)
ϵ
iπ2
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) −xi
d
∫
dd l
l2
(l2 −∆)2 (F.6.14)
Bijk ≡ B111 = (2πµ)
ϵ
iπ2
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) (−xixjxk)
∫
dd l
(l2 −∆)2 (F.6.15)
B0000 =
(2πµ)ϵ
iπ2
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) 1
d(d+ 2)
∫
dd l
l4
(l2 −∆)2 (F.6.16)
B00ij ≡ B0011 = (2πµ)
ϵ
iπ2
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) xixj
d
∫
dd l
l2
(l2 −∆)2 (F.6.17)
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Bijkl ≡ B1111 = (2πµ)
ϵ
iπ2
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) (xixjxkxl)
∫
dd l
(l2 −∆)2 (F.6.18)
after having used Feynman parameters, and l and ∆ = x0m20+ x1m21− x0x1r210 being defined
the usual way.
Those Bi’s have some permutation relations. A few selected ones:
B0(r
2
10,m
2
0,m
2
1) = B0(r
2
10,m
2
1,m
2
0) (F.6.19)
B1(r
2
10,m
2
0,m
2
1) = − [B0 +B1] (r210,m21,m20) (F.6.20)
B00(r
2
10,m
2
0,m
2
1) = B00(r
2
10,m
2
1,m
2
0) (F.6.21)
B11(r
2
10,m
2
0,m
2
1) = [B0 + 2B1 +B11] (r
2
10,m
2
1,m
2
0) (F.6.22)
B001(r
2
10,m
2
0,m
2
1) = − [B00 +B001] (r210,m21,m20) (F.6.23)
B111(r
2
10,m
2
0,m
2
1) = − [B0 + 3B1 + 3B11 +B111] (r210,m21,m20) (F.6.24)
We obtain the following expressions, all function of (r210,m20,m21), in dimensional regular-
ization (exact relations):
B0 =
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1)
(
∆ϵ − ln ∆
µ2
)
= ∆ϵ −
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) ln ∆
µ2
(F.6.25)
B1 =
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) (−x1)
(
∆ϵ − ln ∆
µ2
)
= −∆ϵ
2
+
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) x1 ln ∆
µ2
(F.6.26)
B00 =
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) ∆
2
(
∆ϵ − ln ∆
µ2
+ 1
)
(F.6.27)
B11 =
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) x21
(
∆ϵ − ln ∆
µ2
)
=
∆ϵ
3
−
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) x21 ln
∆
µ2
(F.6.28)
B001 =
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) (−x1)∆
2
(
∆ϵ − ln ∆
µ2
+ 1
)
(F.6.29)
B111 =
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) (−x31)
(
∆ϵ − ln ∆
µ2
)
(F.6.30)
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B0000 =
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) ∆
2
8
(
∆ϵ − ln ∆
µ2
+
3
2
)
(F.6.31)
B0011 =
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) x21
∆
2
(
∆ϵ − ln ∆
µ2
+ 1
)
(F.6.32)
B1111 =
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) (x41)
(
∆ϵ − ln ∆
µ2
)
(F.6.33)
where r210 = (r1 − r0)2 and ∆ = x0m20 + x1m21 − x0x1r210.
We now compute the divergent parts of these integrals in cut-off regularization up to ln Λ2
order, where Λ→ +∞. For usability purposes we set here r210 = p2, m0 = mV and m1 = mH .
These are found to be:
B0(p
2,m2V ,m
2
H) ≈
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1)
(
ln
Λ2
∆
− 1
)
∼
Λ→+∞
ln Λ˜2 (F.6.34)
B1(p
2,m2V ,m
2
H) ≈
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) (−x1)
(
ln
Λ2
∆
− 1
)
∼
Λ→+∞
−1
2
ln Λ˜2
(F.6.35)
B00(p
2,m2V ,m
2
H) ≈
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1)
(
−Λ2 + 2∆ ln Λ
2
∆
−∆
)
1
d
∼
Λ→+∞
−Λ
2
d
+
ln Λ˜2
d
(
m2V +m
2
H −
p2
3
)
(F.6.36)
B11(p
2,m2V ,m
2
H) ≈
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) x21
(
ln
Λ2
∆
− 1
)
∼
Λ→+∞
1
3
ln Λ˜2 (F.6.37)
B001(p
2,m2V ,m
2
H) ≈
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1)(−x1)
(
−Λ2 + 2∆ ln Λ
2
∆
−∆
)
1
d
∼
Λ→+∞
Λ2
2d
− ln Λ˜
2
6d
(
2m2V + 4m
2
H − p2
)
(F.6.38)
B111(p
2,m2V ,m
2
H) ∼
Λ→+∞
−1
4
ln Λ˜2 (F.6.39)
B0000(p
2,m2V ,m
2
H) ∼
Λ→+∞
1
2d(d+ 2)
⎡⎢⎢⎢⎣
Λ4 − 2Λ2
(
m2V +m
2
H −
p2
3
)
+ ln Λ˜2
(
2m4V + 2m
4
H + 2m
2
Vm
2
H −m2V p2 −m2Hp2 +
p4
5
)
⎤⎥⎥⎥⎦
(F.6.40)
B0011(p
2,m2V ,m
2
H) ≈
∫ (1,1)
(0,0)
dx0 dx1 δ(x0 + x1 − 1) x21
(
−Λ2 + 2∆ ln Λ
2
∆
−∆
)
1
d
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∼
Λ→+∞
−Λ
2
3d
+
ln Λ˜2
6d
(
m2V + 3m
2
H −
3p2
5
)
(F.6.41)
B1111(p
2,m2V ,m
2
H) ∼
Λ→+∞
1
5
ln Λ˜2 (F.6.42)
where Λ˜ ≡ ΛM , M2 is the scale of ∆ (M being the EW scale).
F.7 Other C tensor integrals
Sometimes I want to compute such integrals, all function of (r210, r212, r220,m20,m21,m22):
C0 =
(2πµ)ϵ
iπ2
∫
dd k
2∏
i=0
1
[(k + ri)2 −m2i ]
(F.7.1)
Cµ =
(2πµ)ϵ
iπ2
∫
dd k kµ
2∏
i=0
1
[(k + ri)2 −m2i ]
(F.7.2)
Cµν =
(2πµ)ϵ
iπ2
∫
dd k kµkν
2∏
i=0
1
[(k + ri)2 −m2i ]
(F.7.3)
Cµνρ =
(2πµ)ϵ
iπ2
∫
dd k kµkνkρ
2∏
i=0
1
[(k + ri)2 −m2i ]
(F.7.4)
where r210 = (r1 − r0)2 ≡ r21 (since r0 = 0). They can be decomposed as follows (using the
convention r0 = 0 so that: (k + r0)2 −m20 ; (k + r1)2 −m21):
Cµ =
[
r1µC1 + r2µC2
]
(F.7.5)
Cµν =
[
gµνC00 + r1µr1νC11 + r2µr2νC22 +
(
r1µr2ν + r2µr1ν
)
C12
]
(F.7.6)
Cµνρ =
⎡⎣∑
i
(
gµνriρ + gνρriµ + gρµriν
)
C00i +
∑
i,j,k
riµrjνrkρCijk
⎤⎦ (F.7.7)
that can be proved by doing the usual changes of variables, using lµlν → 1d l2gµν and grouping
terms. Using d = 4 − ϵ and all the integrals being function of (r210, r212, r220,m20,m21,m22), we
have:
C0 =
(2πµ)ϵ
iπ2
∫ (1,1)
(0,0)
dx0 dx1 dx2 δ(
2∑
j=0
xj − 1) 2
∫
dd l
(l2 −∆)3 (F.7.8)
Ci =
(2πµ)ϵ
iπ2
∫ (1,1)
(0,0)
dx0 dx1 dx2 δ(
2∑
j=0
xj − 1) 2(−xi)
∫
dd l
(l2 −∆)3 (F.7.9)
C00 =
(2πµ)ϵ
iπ2
∫ (1,1)
(0,0)
dx0 dx1 dx2 δ(
2∑
j=0
xj − 1) 21
d
∫
dd l
l2
(l2 −∆)3 (F.7.10)
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Cij =
(2πµ)ϵ
iπ2
∫ (1,1)
(0,0)
dx0 dx1 dx2 δ(
2∑
j=0
xj − 1) 2xixj
∫
dd l
(l2 −∆)3 (F.7.11)
C00i =
(2πµ)ϵ
iπ2
∫ (1,1)
(0,0)
dx0 dx1 dx2 δ(
2∑
j=0
xj − 1) 2−xi
d
∫
dd l
l2
(l2 −∆)3 (F.7.12)
Cijk =
(2πµ)ϵ
iπ2
∫ (1,1)
(0,0)
dx0 dx1 dx2 δ(
2∑
j=0
xj − 1) 2(−xixjxk)
∫
dd l
(l2 −∆)3 (F.7.13)
after having used Feynman parameters, and l and ∆ = x0m20+ x1m21− x0x1r210 being defined
the usual way.
F.8 Some remarks
F.8.1 Delta distributions in multivariate integrals – On an example
For instance, when computing C0 or D0, we encountered such integrals:∫ (1,1,1)
(0,0,0)
dx0 dx1 dx2 δ(x0 + x1 + x2 − 1) f(x0, x1, x2) (F.8.1)
They simplify as follows:
(F.8.1) =
∫ (1,1)
(0,0)
dx0 dx1 1(1− x0 − x1) f(x0, x1, 1− x0 − x1) (F.8.2)
=
∫ 1
0
dx0
∫ 1−x0
0
dx1 f(x0, x1, 1− x0 − x1) (F.8.3)
=
∫ 1
0
dx1
∫ 1−x1
0
dx0 f(x0, x1, 1− x0 − x1) (F.8.4)
where the characteristic function 1(x) is defined as:
1(x) =
{
1 if x ∈ [0 ; 1]
0 otherwise
(F.8.5)
F.8.2 A proof for an assertion in Section F.1
n∑
i=0
xi[(k + ri)
2 −m2i ] = l2 −∆ (F.8.6)
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with:
1 =
n∑
i=0
xi ; l = k +
n∑
i=0
xiri
∆ =
n∑
i=0
xim
2
i −
∑
⟨i,j⟩
xixjr
2
ij =
n∑
i=0
xim
2
i −
n∑
i=0
n∑
j>i
xixjr
2
ij
(F.8.7)
Proof.
n∑
i=0
xi[(k + ri)
2 −m2i ] =
n∑
i=0
xi[k
2 + 2kri + r
2
i −m2i ]
= k2
(
n∑
i=0
xi
)
  
=1
+2k
n∑
i=0
xiri +
n∑
i=0
xir
2
i −
n∑
i=0
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NOTE: If the constraint
∑n
i=0 xi = 1 is relaxed, we find:
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Les collaborations ATLAS et CMS du CERN ont annoncé le 4 juillet 2012 la découverte
au LHC d’une résonance étroite à une énergie d’environ 125GeV [2]. Cette découverte fut
renforcée par les dernières analyses des expériences CDF et DØ du Tevatron [3]. Les mesures
de ses couplages avec les particules les plus lourdes du Modèle Standard (les bosons de jauge
électrofaible W± et Z, les quarks top, bottom, et les leptons τ et µ) ainsi que les mesures de
son spin et de sa charge et parité, confirment que cette résonance est très fortement compatible
avec le boson de Higgs du Modèle Standard. Le boson de Higgs provient du mécanisme de
Higgs qui a été introduit comme implémentation du mécanisme de brisure spontanée de la
symétrie électrofaible, générant une masse pour les bosons de jauge électrofaible mais laisse
le photon sans masse.
Cependant la nature réelle de ce mécanisme de brisure de symétrie reste mystérieuse, ainsi
que d’autres questions relatives au Modèle Standard : le problème de “hiérarchie” relatif à la
valeur de la masse du boson de Higgs, une explication de la valeur de la masse des fermions,
la masse non nulle des neutrinos impliquée par l’observation expérimentale du phénomène
d’“oscillation”, ainsi que d’autres questions motivées par la cosmologie. Des modèles allant
au-delà du Modèle Standard ont été introduits depuis afin de résoudre tout ou partie de ces
problèmes. En addition, ces modèles prédisent en général des modifications des interactions
entre les particules présentes dans le Modèle Standard, ainsi que l’apparition de nouveaux de-
grés de libertés à des énergies plus grandes que l’échelle électrofaible. Seules des observations
confirmant ces nouvelles prédictions peuvent aider à sélectionner le ou les modèles pertinents.
À défaut d’observer de nouvelles particules produites dans des collisionneurs, l’étude des pos-
sibles déviations des couplages entre certaines particules du Modèle Standard peut permettre
de mettre en évidence certaines classes de modèles BSM. Une telle étude est effectuée en sup-
posant que si de la nouvelle physique est présente, elle doit se situer à une échelle d’énergie
plus grande que l’échelle électrofaible.
Ci-après nous rappelons la construction du Modèle Standard et introduisons le mécanisme
de Higgs. Vient ensuite la présentation du cadre des théories des champs effectives pour le
boson de Higgs. Le travail effectué dans cette thèse est enfin présenté : l’étude de certaines
contraintes sur un sous-ensemble d’opérateurs effectifs de masse-dimension 6 introduits par
l’approche effective, puis une étude sur des désintégrations exotiques du boson de Higgs qui
sont générées par ces opérateurs effectifs. Enfin nous étudions dans quelles circonstances une
théorie effective construite à partir d’un modèle de type “Two-Higgs doublet” arrive à décrire
les principales caractéristiques dudit modèle, et comment d’autres caractéristiques ne le sont
pas.
1.1 Le Modèle Standard – Rappels
Le Modèle Standard est une théorie locale et invariante de Lorentz, basée sur le principe de
symétries de jauge. Il permet de décrire l’ensemble des interactions fondamentales connues en
ce jour entre les particules : les interactions électromagnétique et faible, décrites par le groupe-
produit SU(2)L×U(1)Y , ainsi que l’interaction forte, décrite par le groupe SU(3)C . La gravité
est traitée séparément par la théorie de la Relativité Générale. Les champs de matière sont
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constitués des fermions, qui incluent les leptons interagissant seulement via l’interaction élec-
trofaible, et les quarks qui interagissent à la fois par les interactions électrofaible et forte. Les
quarks sont représentés par des triplets du groupe de couleur SU(3)C . Parce que les bosons
de jauge de SU(2) interagissent seulement avec les fermions de chiralité gauche, leurs com-
posantes gauches sont organisées en doublets du groupe SU(2) tandis que leurs composantes
droites sont des singlets :
• Doublets gauches de quarks : QiL = (u
i
L, d
i
L)
T , et singlets droits de quarks : uiR and d
i
R,
with i = 1 · · · 3 (3 familles de quarks), correspondant aux quarks up et down, charm et
strange, ainsi que top et bottom;
• Doublets gauches de leptons : LiL = (ν
i
L, e
i
L)
T , et singlets droits de leptons chargés :
eiR, with i = 1 · · · 3 (3 familles de leptons), correspondant à l’électron, muon et tau,
ainsi qu’aux neutrinos. Aucun neutrino de chiralité droite n’est présent dans le Modèle
Standard.
Son Lagrangien LSM s’écrit comme :
L0SM = −
1
4
∑
V=G,W,B
V aµνV
a µν +
∑
f=u,d,ℓ
f
i
i D̸ f i , (1.1.1)
LHSM = −
∑
f=u,d,ℓ
(
Yijf iLHf
j
R + h.c.
)
+ |DµH|2 − V (H) , (1.1.2)
LSM = L0SM + LHSM . (1.1.3)
où L0SM représente le Lagrangien sans termes de masse, et LHSM, fonction du champ de Higgs
H, génèrera les termes de masses pour les bosons de jauge électrofaible, ainsi que pour les
fermions, après brisure spontanée de la symétrie électrofaible (voir Section 1.2). Les indices
(i, j) = 1, 2, 3 énumèrent les trois familles leptoniques.
Les bosons vecteurs V = Ga=1···8,W a=1,2,3, B correspondent aux groupes de jauge SU(3)C ,
SU(2)L et U(1)Y , respectivement. Les générateurs taV des groupes sont respectivement les 8
matrices de Gell-Mann, les 3 matrices de Pauli et la matrice identité pour U(1)Y , le nombre
quantique associé est l’hypercharge faible. Les constantes de couplage de jauge gV pour chaque
groupe sont : la constante de couplage forte gS , la constante faible g et la constante de couplage
d’hypercharge g′.
1.2 Mécanisme de brisure spontanée de la Symétrie Électro-
faible ; Mécanisme de Higgs
L’introduction naïve de termes de masse pour les bosons de jauge W± et Z ainsi que pour les
fermions dans le Lagrangien du Modèle Standard, brise de manière explicite son invariance
de jauge. En effet :
• Pour les bosons de jauge, un terme de masse de la forme m
2
V
2 VµV
µ n’est pas invariant
de jauge, sous une transformation de jauge du champ Vµ on a :
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m2V
2
VµV
µ → m
2
V
2
(Vµ +
1
gV
∂µα)(V
µ +
1
gV
∂µα) , (1.2.1)
qui est différent de m
2
V
2 VµV
µ. Les termes proportionnels à ∂µα ne disparaissent pas. Ce
terme de masse est donc interdit de manière explicite dans le Lagrangien.
• Pour les fermions, bien que des termes de masses à la Dirac : mfff soient possibles en
QED ou en QCD pure car ces interactions ne sont pas chirales, ce n’est pas le cas pour
l’interaction électrofaible car cette dernière est chirale, elle agit de manière différente
sur les composantes gauche et droite des fermions. De ce fait le terme de masse :
mfff = mf (fRfL + fLfR) (1.2.2)
ne peut pas être invariant de jauge sous SU(2)L, et est aussi interdit de manière explicite
dans le Lagrangien.
Une solution consiste à générer ces termes de masse de manière dynamique, grâce à un mé-
canisme introduit pour les générer tout en gardant la théorie invariante de jauge. La symétrie
de jauge associée à SU(2)L × U(1)Y serait donc dynamiquement “brisée” par ce mécanisme,
c’est le ‘mécanisme de “brisure spontanée de symétrie” : le Lagrangien reste invariant sous
cette symétrie tandis que les solutions de ses équations du mouvement (et l’état de vide de
la théorie) ne le sont plus. Pour le Modèle Standard la brisure doit être telle que W± et
Z puissent acquérir une masse (nécessitant l’introduction d’au moins 3 nouveaux degrés de
liberté associés aux polarisations longitudinales pour ces bosons), tandis que le photon reste
sans masse.
Le cas de la brisure spontanée de symétrie locale fut résolu par R. Brout et F. Englert
[29], et indépendamment par P. Higgs [30] et G. Guralnik, C.R. Hagen et T. Kibble [31] qui
introduisirent un champ scalaire H doublet de SU(2)L :
H =
(
φ+
φ0
)
, (1.2.3)
où les composantes chargées et neutre φ± et φ0 sont des champs scalaires complexes. La brisure
de symétrie va s’effectuer lorsque le doublet acquiert une valeur moyenne dans le vide (VEV)
non nulle. Puisque le vide de la théorie reste électriquement neutre après brisure de symétrie
(il reste une symétrie résiduelle U(1)EM non brisée, correspondant à l’électromagnétisme),
uniquement la composante neutre du doublet H peut acquérir une VEV. En jauge unitaire
on a :
H → v√
2
(
0
1 + hv
)
; v ̸= 0 , (1.2.4)
où v est la VEV de H et h le boson de Higgs. Les bosons électrofaibles W i, B réabsorbent les
trois degrés de libertés des champs φ+ et de la partie imaginaire de φ0, ce qui va générer les
trois polarisations longitudinales pour les bosons W± et Z qui vont donc acquérir une masse.
Le boson de Higgs physique h reste présent et devient massif.
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Dans le Modèle Standard, un potentiel pour H de type H4 est introduit :
V (H) = µ2HH
†H + λ(H†H)2 (1.2.5)
tel que, pour des raisons de stabilité, la constante d’auto-couplage λ soit positive. La brisure
spontanée de symétrie apparait lorsque µ2H devient négatif, et le potentiel acquiert une région
non-triviale de minimum. La minimisation du potentiel est alors telle que : −µ2H = λv2. Après
brisure spontanée de symétrie, le boson de Higgs acquiert une massemH =
√
−2µ2H =
√
2λv2.
Un terme cinétique |DµH|2 pour le doublet H est introduit dans le Lagrangien et va
générer une masse pour les bosons de jauge. On montre qu’il peut s’écrire comme :
|DµH|2 = v
2
2
(∂µ
h
v
)2 +
v2
2
(
1 +
h
v
)2 1
4
[
(−gW 3µ + g′Bµ)2 + 2g2W−W+
]
, (1.2.6)
où W±µ =
W 1µ∓iW 2µ√
2
. Un terme de masse est généré pour les bosons W± et s’écrit : mW = gv2 .
La matrice de masse pour les bosons W 3 et Bµ est diagonalisable et ses vecteurs propres sont
le boson Z et le photon A. Les valeurs propres correspondantes pour la matrice de masse
donnent la masse du boson Z : mZ =
√
g2+g′2v
2 tandis que le photon reste sans masse, comme
requis.
Enfin, la masse pour les fermions est générée par l’introduction de couplages dits “de
Yukawa” :
− LY = Yijf iLHf jR + h.c. ≡ Y iju qLiH˜uRj + Y ijd qLiHdRj + Y ijℓ LL
i
H˜lR
j + h.c. (1.2.7)
où les matrices de Yukawa Y ijf sont des matrices dans l’espace des saveurs, et l’on a défini
H˜ = iσ2H
∗. Chaque matrice (pour les quarks de types ‘up’ et ‘down’ ainsi que les leptons
chargés) doit être diagonalisée et les fermions réexprimés dans leur base de masse, les valeurs
propres correspondantes étant donc leur masse. Par exemple pour les quarks de type ‘up’ :
Y iju qL
iH˜uR
j + h.c.→M iju
(
1 +
h
v
)
uL
iuR
j + h.c. , (1.2.8)
avec la matrice de masse :
M iju = Y
ij
u
v√
2
, (1.2.9)
suivie d’une diagonalisation. Comme le terme d’interaction entre quarks et bosons W± n’est
pas diagonal dans l’espace de saveurs dans le Modèle Standard, celui-ci va faire apparaître,
après rotation des fermions dans leur base de masse, une matrice de mélange induisant des in-
teractions chargées à violation de saveur : la matrice de Cabibbo-Kobayashi-Maskawa (CKM).
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1.3 Théorie des champs effective pour le boson de Higgs du
Modèle Standard
Pour l’instant, aucune confirmation de détection directe de “nouvelle physique” par détection
de nouvelles particules n’a été établie au LHC, tandis que le Modèle Standard est vérifié
avec une très grande précision. Cependant des questions demeurent en suspens, concernant le
problème de “hiérarchie”, la masse des neutrinos, etc. C’est pour cela que de la physique “au-
delà du Modèle Standard” est attendue à des énergies ΛNP plus grandes que celles actuellement
sondées au LHC (échelle électrofaible). Aux énergies plus basses que ΛNP, cette nouvelle
physique aurait pour effets de générer des déviations des prédictions du Modèle Standard
via des corrections quantiques. Ainsi le Modèle Standard avec l’ajout de termes décrivant
les déviations, constituerait une théorie effective d’une théorie plus fondamentale “au-delà du
Modèle Standard”.
Le théorème d’Appelquist et Carazzone [44] établit le comportement à basse énergie des
effets de “nouvelle physique” issus de n’importe quelle théorie de jauge renormalisable exis-
tante à haute énergie. En supposant que les nouveaux degrés de liberté se trouvent à une
échelle d’énergie plus grande que l’échelle électrofaible, l’intégration de ces nouveaux champs
induit, à des énergies plus basses, une renormalisation des constantes de couplage et des
champs, ainsi que l’apparition d’opérateurs effectifs invariants de jauge non-renormalisables
de masse-dimension plus grande que 4, constitués uniquement des champs de basse énergie.
Ces opérateurs sont supprimés par des puissances de 1/ΛNP dans l’expansion du Lagrang-
ien effectif, induisant des déviations des couplages d’ordre dominant du boson de Higgs par
rapport à leurs valeurs dans le Modèle Standard. Le Lagrangien effectif peut être développé
comme suit :
Leff = LSM +
∑
D≥5
C(D)
ΛD−4NP
O(D) ({SM fields}) = LSM + LD=5 + LD=6 + . . . (1.3.1)
où les termes C(D) sont des couplages effectifs adimensionnés (coefficients de Wilson) et les
termes O(D) sont des opérateurs effectifs locaux invariants de jauge de masse-dimensionD ≥ 5
qui sont fonction seulement des champs du Modèle Standard. ΛNP est le paramètre d’expansion
de la théorie effective, identifié avec l’échelle d’énergie des nouvelles particules dans la théorie
fondamentale. Le terme dominant de ce développement est le Lagrangien du Modèle Standard
contenant des opérateurs de masse-dimension inférieure ou égale à 4.
L’exemple typique de cette approche effective est la théorie de Fermi pour la désintégration
β : tandis que le Modèle Standard joue dans ce cas le rôle de théorie renormalisable à haute
énergie, où le processus est décrit par la désintégration d’un quark down en un quark up, un
électron et un antineutrino électronique :
d→ ue−νe (1.3.2)
avec échange d’un boson vecteur chargé W− entre les courants hadronique et leptonique, la
théorie effective à basse énergie (théorie de Fermi) décrit ce processus comme une interaction
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ponctuelle à quatre fermions. Cet opérateur 4-fermionique fait partie des opérateurs non-
renormalisables pour les théories 4-D, car il est de masse-dimension (canonique) égale à six.
En employant uniquement les champs du Modèle Standard et en requérant l’invariance de
jauge sous le groupe du Modèle Standard ainsi que l’hypercharge totale des opérateurs soit
zéro, on trouve qu’il existe un unique opérateur de masse-dimension 5 qui peut être construit
avec le doublet H : c’est “l’opérateur de Weinberg” :
Leff ⊃ cν
ΛNP
OD=5 avec : OD=5 = (ℓϵH)(HT ϵℓ) , (1.3.3)
qui est de haute importance en physique des neutrinos, puisqu’il génère des masses de Majo-
rana pour les neutrinos après brisure spontanée de symétrie électrofaible :
mννcν avec : mν =
cν
ΛNP
v2
2
. (1.3.4)
En supposant que le boson de Higgs h est issu du doublet H de SU(2), la classification des
opérateurs de masse-dimension égale à 6 fut originellement entreprise par [47], et une classifi-
cation complète, comprenant 59 opérateurs pour une famille de saveur fermionique (leptonique
et hadronique), fut trouvée par [48], en supposant la conservation du nombre baryonique (la
liste s’agrandit lorsque les 3 familles fermioniques sont prises en compte, voir [50]). Cette liste
est complète dans le sens où elle comprend l’ensemble des opérateurs pouvant être générés par
l’ensemble des combinaisons possibles des champs du Modèle Standard qui sont invariantes
de jauge, et qui ne sont pas redondantes par l’usage des équations du mouvement, intégration
par parties (dans le Lagrangien), redéfinitions des champs et transformations de Fierz (pour
les produits bilinéaires de fermions). En ce sens elle constitue une base d’opérateurs de masse-
dimension 6. Cela se généralise à n’importe quelle masse-dimension. Le “contenu physique” de
la théorie effective et ses prédictions restent invariants par changement de base d’opérateurs.
De ce fait, diverses bases d’opérateurs de masse-dimension 6 ont été définies, parmi
lesquelles la base dite de “Warsaw” (définie dans [48]) et la base du “Strongly-Interacting-
Light-Higgs” (SILH) [53, 34] employée généralement pour l’étude de théories à Higgs compos-
ite. Ces bases d’opérateurs, exprimées en termes des champs dans leur base de jauge et du
doublet de Higgs H avant brisure spontanée de symétrie électrofaible, sont préférables pour
l’étude des propriétés de la théorie effective (par exemple, le “running” des couplages effectifs)
à des énergies plus grande que l’échelle électrofaible, ainsi que pour procéder au “matching” de
la théorie effective avec des théories fondamentales. Pour contraindre de manière expérimen-
tale les différents opérateurs via leurs coefficients de Wilson associés, il peut être préférable de
travailler avec les champs dans leur base de masse, après brisure de la symétrie électrofaible,
où le champ de Higgs H est développé autour de sa valeur moyenne dans le vide (VEV) :
H → v√
2
(
0; 1 + hv
)T , où v est la VEV de H, et h est le boson de Higgs. Du fait que certains
opérateurs de mase-dimension 6 sont exprimés en fonction de puissances deH, cette expansion
fait apparaître des termes supplémentaires d’interaction d’un ou plusieurs bosons de Higgs h
aux autres champs du Modèle Standard, en addition à de nouveaux termes d’interaction sans
boson de Higgs. Il est cependant possible de ne garder que les couplages qui sont indépen-
dants (et de réexprimer les autres en fonction des précédents) et ainsi d’obtenir une “base de
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couplage effectifs”, ou “Higgs basis” qui est au centre de l’une des propositions du LHC Higgs
Cross Section Working Group 2 [56] pour le rapport des résultats de recherches de déviations
des couplages du boson de Higgs à la matière faites par les expériences ATLAS et CMS du
CERN.
1.4 Contraintes sur un sous-ensemble d’opérateurs effectifs
L’approche effective étend le Modèle Standard par l’addition d’opérateurs dont les effets sont
de modifier les interactions prédites par le Modèle Standard, ainsi que la génération des
nouvelles interactions. Ces opérateurs sont générés par l’intégration des nouveaux degrés de
liberté de haute énergie (supérieure à l’échelle électrofaible) provenant de la physique au-delà
du Modèle Standard. Il est attendu que les différentes théories candidates à la description
de cette nouvelle physique génèrent ces mêmes opérateurs, la seule différence étant que leurs
coefficients de Wilson associés (couplages effectifs) diffèrent selon les théories considérées. De
ce fait, le fait de pouvoir contraindre de manière expérimentale tout ou partie de ces couplages
effectifs peut nous permettre d’obtenir de manière indirecte des contraintes sur les paramètres
fondamentaux de ces théories.
Dans cette partie nous dérivons un Lagrangien “phénoménologique” dont les champs sont
exprimés dans leur base de masse, en partant d’un sous-ensemble d’opérateurs effectifs de
masse-dimension 6 de la base d’opérateurs SILH, et en supposant la conservation des nom-
bres baryoniques et leptoniques ainsi que l’absence de violation de saveur. Ce sous-ensemble
d’opérateurs est choisi en conservant uniquement les opérateurs qui modifient les couplages
du boson de Higgs aux fermions et aux bosonsW± et Z, ainsi qu’aux photons et gluons. Ceux
qui sont très peu contraints par les données du premier Run du LHC ne sont pas inclus dans la
liste. Cela concerne tout d’abord les opérateurs contenant plus de deux doublets de Higgs qui
contribuent aussi aux interactions à multiple bosons de Higgs (y compris aux auto-interactions
du boson de Higgs). Puis ce sont les opérateurs qui sont déjà extrêmement contraints via les
mesures de précision électrofaibles : les opérateurs qui modifient les couplages des fermions
aux bosons électrofaibles du Modèle Standard, ou bien les opérateurs induisant des interac-
tions dipolaires qui contribuent aux moments dipolaires électrique et magnétique, mais aussi
à des désintégrations du boson de Higgs à 3 corps. Enfin il y a des opérateurs qui ne modifient
que les interactions entre bosons de jauge, ainsi que les opérateurs 4-fermioniques, qui sont
ignorés dans cette analyse. Par contre les opérateurs de charge-parité impaire sont conservés
afin de voir quelles contraintes existent sur ceux-ci.
Une fois ce choix effectué, le Lagrangien effectif, constitué par l’ajout de ces opérateurs ef-
fectifs au Lagrangien du Modèle Standard, est développé après brisure spontanée de symétrie
dans sa base de masse, le doublet de Higgs étant développé autour de sa VEV, et les champs
étant redéfinis afin de se ramener à une normalisation canonique de leur terme cinétique.
Cela génère donc les modifications des couplages du Modèle Standard ainsi que des nouvelles
interactions effectives de masse-dimension ≤ 6. Ces interactions effectives sont en général liées
entre elles car elles proviennent d’opérateurs qui contenaient plusieurs doublets de Higgs et
qui ont été développés autour de leur VEV. La présence de ces interactions génère en outre
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des modifications aux propagateurs des bosons électrofaibles qui vont affecter les observables
électrofaibles, comme par exemple l’apparition de divergences. Les corrections aux propaga-
teurs des bosons électrofaibles constituent les “corrections obliques électrofaibles” qui sont
paramétrées par les paramètres S, T , U de Peskin et Takeuchi [70] et sont fortement con-
traintes par les fits électrofaibles [72]. Nous les utilisons pour obtenir d’autres relations sup-
plémentaires entre couplages effectifs et réduire le nombre de couplages indépendants dans le
Lagrangien effectif. Les couplages restants sont les couplages du boson de Higgs aux bosons
vecteurs (WW , ZZ, γγ, GG et le mélange Zγ) et aux fermions (quarks de types ‘up’ et ‘down’
ainsi que les leptons chargés).
Finalement un fit des couplages effectifs est effectué en utilisant les données expérimentales
provenant des mesures de taux du Higgs (“signal strengths”) du premier Run des expériences
ATLAS et CMS du LHC, ainsi que des mesures de précision électrofaibles effectuées par le
LEP, le SLC au SLAC et par les expériences du Tevatron. Les données actuelles du LHC sont
capables de contraindre les couplages effectifs de charge-parité paire du Lagrangien tels qu’ils
soient compatibles à 68% CL avec le Modèle Standard. Une dégénérescence est présente dans
le fit pour les couplages cu et cgg, qui est levée par les résultats d’ATLAS et CMS dans le canal
de production tth, et qui est due au fait que le canal de production ggh est aussi sensible au
couplage du quark top au boson de Higgs via la boucle de quarks top. Enfin, le couplage effectif
Zγ est le moins contraint via l’utilisation des taux du Higgs ; l’utilisation des sections efficaces
différentielles dans le processus h→ 4ℓ peut améliorer cette contrainte. Les couplages effectifs
de charge-parité impaire inclus dans le fit souffrent d’une dégénérescence de signe car ils sont
préférentiellement contraints par leur module. Là aussi, de grandes corrélations existent entre
les couplages effectifs de charge-parité paire et impaire du boson de Higgs aux quarks top (de
type Yukawa : cu et c˜u) et aux gluons (cgg et c˜gg), dues aux contributions des couplages tth de
type Yukawa dans la boucle de quarks top dans le processus h→ gg en addition du couplage
effectif hgg.
1.5 Désintégrations exotiques du boson de Higgs
Dans cette partie nous étendons notre étude aux désintégrations “exotiques” du boson de
Higgs. Après la relaxation de la contrainte sur la violation de la saveur leptonique ou des
quarks, ces désintégrations peuvent être générées dans la théorie effective par certains opéra-
teurs effectifs : tout d’abord les opérateurs de type “Yukawa” ∼ (H†H)ψ¯1Hψ2 non-diagonaux
qui ne diffèrent que par l’insertion de deux autres doublets de Higgs ; puis les opérateurs de
contact de type vertex ∼ H†Hψ¯1γµψ2Vµ, et enfin les opérateurs de type dipolaire avec une
insertion du doublet de Higgs ∼ Hψ¯1σµνψ2Fµν où Fµν est le tenseur de force pour un boson
de jauge. Dans certains modèles UV-complets de tels processus peuvent être générés dès lors
qu’il existe des champs scalaires additionnels qui se couplent aux différents fermions ainsi qu’à
eux-mêmes.
L’approche effective permet en particulier d’utiliser des contraintes indirectes sur des pro-
cessus à violation de saveur sans boson de Higgs, afin de contraindre des processus à violation
de saveur ayant un ou plusieurs bosons de Higgs, lorsque ceux-ci sont reliés via les opérateurs
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effectifs. Deux types de processus sont étudiés, les désintégrations à deux et trois corps dans
le secteur des leptons et des quarks. Nous avons analysé les possibilités d’observation de telles
désintégrations exotiques du boson de Higgs au prochain Run du LHC. Des limites supérieures
sont obtenues sur les coefficients de Wilson associés à ces opérateurs effectifs, en utilisant à la
fois des limites indirectes ou directes sur les taux de tels processus mesurés à des expériences
à basse énergie ainsi qu’au LHC.
Nous obtenons les résultats suivants. Tout d’abord, les taux des processus h → τµ ou
h → τe peuvent être grands, respectivement ≈ 1.5% et 18%, c’est-à-dire compatibles avec
l’excès vu par CMS, et être observable au prochain Run du LHC sans introduire de tension
avec les limites existantes pour le processus τ → µγ. Cependant, les contraintes existantes
pour µ→ eγ ne permettent pas à ces deux processus d’être simultanément grands. Ces mêmes
contraintes obligent le rapport de branchement du processus h → µe à être proche de 10−9,
qui sera donc en pratique inobservable au prochain Run du LHC. Ensuite, les désintégrations
à violation de saveur de quark top en quarks charm/up et boson de Higgs (t→ hc/u) peuvent
être permises tant que leur rapport de branchement est proche des limites actuelles du LHC,
c’est-à-dire 10−3. Cependant les contraintes sur les oscillations de mésons D, proveneant des
contraintes sur les produits des couplages de Yukawa effectifs induisant des transitions u↔ t
et c↔ t, interdisent t→ hc et t→ hu d’être grands à la fois.
Pour les désintégrations à 3 corps, seulement la désintégration du boson de Higgs h →
Wbq (q = u, c) qui a un rapport de branchement similaire (∼ 10−4) à celui observé pour
h→ ZZ∗ → 4ℓ, pourrait être observé au prochain Run du LHC, si ce n’est à cause de larges
bruits de fond dus à la production de quarks. Les autres désintégrations à 3 corps, comme
h → ℓℓ′γ ou h → ℓℓ′Z, sont quant à elles complètement supprimées et seront inobservables
même à un futur collisionneur à 100TeV [150]. En effet leur rapport de branchement calculé
avec l’approche effective est extrêmement faible, de l’ordre de 10−23 pour h → µeγ, ou de
l’ordre de 10−15 pour h → τe/µγ. Pour les processus h → µeZ le rapport de branchement
est de l’ordre de 10−19, tandis que pour h→ τe/µZ il est de l’ordre de 10−11. À l’opposé, le
processus t → hqV (avec V = γ/g), même avec un rapport de branchement aussi petit que
10−10, pourrait être observé à la fin du second Run du LHC ou bien à un futur collisionneur
à 100TeV où un nombre attendu de ∼ O(1011) de paires de quark top peuvent être produites
et compenser un tel rapport de branchement.
1.6 Modèles à deux doublets de Higgs et théorie effective
Jusqu’à présent nous avons discuté de la théorie effective pour le boson de Higgs et plus
précisément de certaines prédictions qui peuvent être faites, en supposant que les nouveaux
champs sont lourds par rapport à l’échelle électrofaible, et en nous plaçant dans le cadre
d’une réalisation linéaire de la brisure de symétrie électrofaible. Si ces prédictions se trouvent
invalidées, cela voudrait dire que l’une ou l’autre de ces hypothèses est fausse. Il est donc
intéressant de savoir dans quelles conditions la description effective peut ne pas marcher.
Pour ce faire nous adoptons dans cette partie une approche “top-down”. Parmi les théories
au-delà du Modèle Standard, certaines possèdent un secteur scalaire étendu qui peut inclure
plusieurs doublets de Higgs, comme quelques modèles à Higgs composite, ou bien par exemple
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l’extension supersymétrique minimale du Modèle Standard (MSSM) qui requiert la présence
de deux doublets de Higgs. Le secteur du Higgs du MSSM est l’un des exemples d’une classe
générale de théories appelées “Two Higgs doublet Models” (2HDM). Celles-ci consistent en
l’ajout d’un second doublet SU(2) de Higgs au Modèle Standard. Les deux doublets présents
se mélangent ensemble, et après brisure spontanée de symétrie cinq bosons scalaires apparais-
sent : un scalaire neutre léger h (de charge-parité paire) qui est usuellement assimilé au boson
de Higgs du Modèle Standard et supposé correspondre à la particule détectée par ATLAS et
CMS de masse 125GeV, un scalaire neutre lourd H de charge-parité paire, un pseudo-scalaire
neutre A ainsi que deux scalaires chargés H±.
Nous étudions ici dans quelles conditions une théorie effective pour le boson de Higgs
peut capturer les nouveaux effets dus au second doublet. La théorie effective correspondante
au 2HDM est obtenue par l’intégration du second doublet, ce qui correspond à intégrer tous
les scalaires autres que le boson de Higgs h similaire à celui du Modèle Standard. Cela est
aussi équivalent à faire une expansion de la théorie en fonction du paramètre cos(β − α)≪ 1
du 2HDM. Nous comparons les prédictions pour certains processus calculés dans le 2HDM et
dans la théorie effective. Ces processus ne font intervenir que des champs du Modèle Standard
pour les particules externes, tandis que les nouvelles particules (les bosons de Higgs lourds),
présentes qu’en tant que particules internes via leurs propagateurs, ont été intégrées.
Dans le cas du 2HDM avec charge-parité conservée, nous constatons que, dans la limite de
découplage, la théorie effective résultante capture les principales caractéristiques du 2HDM.
Pour le 2HDM de Type-I la région dans le plan cos(β−α)–tanβ est bien décrite pour de faibles
valeurs de tanβ ≤ 1. En effet c’est la région où cos(β−α)≪ 1, où la théorie effective se trouve
en effet dans son domaine de validité. À l’opposé, pour des régions de grand tanβ ce n’est
plus le cas, des valeurs de cos(β−α) proches de 1 sont permises et la théorie effective utilisant
uniquement les opérateurs de masse-dimension 6 échoue à décrire correctement ces régions.
Cela est dû au fait que les modifications des couplages du boson de Higgs aux bosons de jauge
jouent un rôle important. Dans la théorie effective pour le 2HDM de telles modifications sont
générées non pas avec les opérateurs de masse-dimension 6, mais à partir des opérateurs de
masse-dimension 8.
Pour le 2HDM de types II, X et Y (“lepton-specific” et inversé), la solution de “Yukawa à
mauvais signe”, se situant à des valeurs de cos(β−α) ≥ 0.2, n’est pas retraduite dans l’approche
effective. Dans cette région les couplages du boson de Higgs aux quarks bottom et au lepton τ
ont la même magnitude mais un signe opposé. Le fait que l’approche effective ne capture pas
cette région peut être compris par le fait que le couplage de signe opposé correspond à une
déviation d’ordre 1 par rapport à la valeur du Modèle Standard, alors que l’approche effective
décrit des déviations petites. Une investigation pour savoir si, et comment, l’approche effective
est améliorée avec l’inclusion des opérateurs de masse-dimension 8 est en cours. Entre autres,
l’inclusion de ces opérateurs ajoute une contribution aux couplages effectifs de type Yukawa,
ainsi qu’au couplage trilinéaire du boson de Higgs. Une contribution qui était absente à l’ordre
des arbres aves les opérateurs de masse-dimension 6 est la modification du couplage du boson
de Higgs aux bosons électrofaibles. Il peut être enfin intéressant d’étendre cette analyse dans
le cas plus général du 2HDM à violation de charge-parité, et de voir comment elle en sort
modifiée.
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